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ABSTRACT
TREATMENT OF DIOXIN/FURAN AND PCN CONTAMINATED SEDIMENTS
WITH PALLADIZED MAGNESIUM
by
Linda M. Rauch 
University of New Hampshire, December, 2006
Sediments contaminated with dioxins/furans and polychlorinated naphthalenes 
(PCNs) have been the subject of little study although they are equal, if not more 
significant, contributors than PCBs to toxicity at selected sites. The reaction of a bimetal 
catalyst, palladized magnesium (Mg/Pd, 0.01% by weight Pd) with these contaminants 
was studied in solvents and sediments.
The reaction for single congeners in solvent resulted in 69-95% removal in 30 
minutes. The detection of dibenzo-p-dioxin for the dioxin reaction and 
naphthalene/tetralin for the PCN reaction demonstrated dechlorination. A 24 hour 
sediment reaction with Mg/Pd resulted in 48% and 71% reduction for spiked sediments 
(500 ppb OCDD) from the Passaic and Tittabawassee rivers respectively. This reaction, 
repeated with un-spiked, PCN contaminated Trenton Channel sediments resulted in 50 to 
70% removal. This is the first work to treat PCNs in sediments. Reaction optimization 
and application development could lead to a promising sediment treatment approach.
xiii




Contaminated sediments present a significant current environmental concern. In a 
recent assessment of national sediment quality, 43% of the 19,398 sampling stations were 
listed as a probable concern to ecological and human health (EPA, 2004b). This 
pollution can lead to the fish consumption advisories which exist in over 3,200 water 
bodies (EPA, 2006b). A key issue within this field is contamination with persistent 
organic pollutants (POPs) such as polychlorinated biphenyls (PCBs), dioxins (PCDDs), 
furans (PCDFs), and polychlorinated naphthalenes (PCNs) (see Figure 1.1 for chemical 
structures). POPs are characterized as toxic, bioaccumulative, persistent in the 
environment on a global scale, and challenging to treat to safe levels.




7igure 1.1: Generic structures for some chlorinated organic compounds
1
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Dioxins/furans (PCDD/Fs) are considered the most toxic man-made 
environmental contaminants and were responsible for some of the most infamous 
environmental disasters (e.g. Love Canal, NY; Times Beach, Missouri; Seveso, Italy; 
Agent Orange in Vietnam). Although PCDD/Fs were never intentionally manufactured, 
they remain ubiquitous in the environment as a result of incineration and as a byproduct 
of certain chemical processes (e.g. pulp and paper, chlor-alkali, pesticide synthesis). In 
contrast, PCNs, which have very similar properties to PCBs, were used in a multitude of 
industrial applications (e.g. cable insulation, wood preservation, engine oil additives, etc.) 
(Crookes and Howe, 1993). The toxicity of all PCN congeners is not known but some 
congeners have demonstrated dioxin-like toxicity mechanisms comparable to the co- 
planar PCBs (Falandysz, 1998). Both dioxins and PCNs are found in sediments globally 
as a result of industrial releases to water bodies and atmospheric transport and deposition.
Current contaminated sediment management options include natural attenuation, 
dredging followed by containment or ex-situ treatment, capping, and in-situ chemical or 
biological treatment. Dredging, though commonly applied, is costly and highly 
disturbing to the environment. This often leads to re-suspension of the sediments into the 
water column resulting in contaminants persisting after dredging with continued harmful 
biological impacts (Su etal., 2002).
The existing treatment options for dioxins include thermal destruction, 
biodegradation, electrochemical treatment, mechanochemical treatment, and metal 
catalyst based treatment. Most of these approaches are expensive and labor intensive, 
often requiring dredging followed by ex-situ treatment at high temperatures and/or 
pressures. Bioremediation, while promising given the potential for in-situ treatment, is
2
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very slow and has been found to stall after incomplete dechlorination. The removal of 
only 1-4 chlorines results in the accumulation of less-chlorinated congeners (e.g. 2378- 
TCDD) causing an overall increase in sediment toxicity (Adriaens et.al., 1995; Adriaens 
and Grbic-galic, 1994). More recently, the addition of amendments achieved an 80% 
reduction of 1234-TCDD to mono- through tri-CDDs in spiked sediments over a 17- 
month period (Ahn et.al., 2005; Vargas et.al., 2001).
In contrast to dioxin treatment options, reviews of PCNs focus on their chemistry, 
sources to the environment, fate and transport, toxicity, analytical measurement, and 
occurrence in the environment and in biota. There is little addressing their treatment 
although Noma et al. (2006) notes a handful of selected papers on physicochemical and 
biodegradation methods. This is likely attributable to the lack of current regulations for 
PCNs by the US EPA or by any international treaties on persistent pollutants (e.g. 2001 
UNEP Stockholm Convention, 1998 UNECE Protocol).
To date, few studies have focused on the treatment of dioxins/furans or PCNs in 
sediments, yet these compounds are equal if not more significant contributors than PCBs 
to overall toxicity levels at certain contaminated sediment sites (Eljarrat and Barcelo, 
2003; Kannan et.al., 2001). There is an urgent need to develop economical and effective 
treatment methods for sediments contaminated with these chemicals.
1.2 Reaction with Palladized Magnesium
Previous work at UNH has shown that PCBs can be dechlorinated by reaction 
with a magnesium-palladium bimetal catalyst (Mg/Pd) (Calante, 2006). The starting 
PCB compounds were removed in both solvent and sediment batch reaction systems.
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The intent is to develop the application of this Mg/Pd bimetal catalyst as either an in-situ 
or ex-situ treatment approach for contaminated sediments.
The expected chemistry is a reduction-oxidation reaction driven by the corrosion 
of the zerovalent Mg metal to release electrons:
Mg°(s) -» Mg2+ + 2e' (E° = -2.022 V) (Equation 1.1)
The electrons combine with hydrogen from either water or alcohol molecules in the 
presence of the palladium catalyst to reduce the chlorinated organic, replacing the 
chlorine atoms with hydrogen:
R - Cl + 2e + H+ —! R - H + Cf (Equation 1.2)
The combined summary reaction is:
R - Cl + Mg° + H+ R - H + Mg2+ + Cl' (Equation 1.3)
It was anticipated that this reaction would take place resulting in a reduced, 
hydrogenated end product (i.e. biphenyl for PCBs, naphthalene for PCNs, dibenzo-p- 
dioxin for dioxins). This dehalogenation results in an overall reduction in toxicity.
1.3 Thesis Objectives & Experimental Approach
The goal of this project was to investigate the Mg/Pd reaction with other 
chlorinated organic contaminants similar in structure to PCBs. In particular, this work 
evaluated the reaction for two important environmental classes of contaminants: 
dioxins/furans and PCNs. This evaluation included work in both pure solvents and 
contaminated sediments and is the first to evaluate the reaction of these compounds with 
a zerovalent metal / palladium bimetal catalyst. The following questions were addressed 
by this research:
4
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• Is there a reaction between Mg/Pd and dioxins or PCNs?
• What products are formed?
• Does the reaction take place in contaminated sediments?
The initial stage of experiments evaluated the reaction in pure solvent systems. 
Some of the complexities of sediment work can be avoided by working in solvents first 
since the samples are very clean and can be spiked with higher contaminant 
concentrations. These batch experiments evaluated the reaction in 10% methanol/water 
and 50% isopropanol/water spiked with single congeners of dioxin/furan or PCN 
standards. The goal was to confirm the occurrence of a dechlorination reaction with 
these compounds resulting in an overall reduction in toxicity. Evaluations focused on 
kinetic studies and the identification of reaction products.
The second stage of research investigated the reaction in contaminated sediments. 
This included dioxin/furan contaminated materials from the Passaic (Newark, NJ) and 
Tittabawassee (Midland, MI) Rivers, as well as PCN materials from the Trenton Channel 
(Detroit, MI). The aim of these experiments was to demonstrate proof of concept for the 
removal of dioxins and PCNs from actual contaminated sediments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction and Background
2.1.1 Issue of Contaminated Sediments
Sediments are defined as the organic and inorganic materials accumulated at the 
bottom of water bodies such as rivers, lakes, oceans, etc. These sediments accumulate 
over time and often require removal by dredging in order to maintain shipping channels. 
In the second edition of their report on “The Incidence and Severity of Sediment 
Contamination in Surface Waters of the United States”, the EPA identified 43 percent of 
the tested sediments as sufficiently contaminated to pose a probable risk to human and 
ecological health (EPA, 2004b). The authors caution against the use of this data to 
develop a national estimate of contaminated sediments. This pollution resulted from the 
release and accumulation of a variety of persistent contaminants, including heavy metals 
and chlorinated organics, primarily over the past century.
Approximately 20 percent of the over 1,500 sites listed on the EPA National 
Priority List sites for Superfund consideration include contaminated sediments 
(http://www.epa.gov/ebtpages/pollwatercontaminatedsediment.html). Over one hundred 
of these sites are sufficiently contaminated to have been designated as Superfund sites. 
One of the most infamous, the Hudson River, encompasses 40 miles of PCB
6
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contaminated sediments with an estimated total cost of $460 million dollars for dredging 
and containment (Angelo, 2005).
Once polluted, these sediments can be a source of contaminants to the 
environment, fish and marine life, and ultimately humans and wildlife via 
bioaccumulation up through the food chain. Fish consumption advisories are often 
necessitated by this sediment contamination. These restrictions affected 3,221 U.S. water 
bodies in the most current 2004 data from the National Listing of Fish Advisories (EPA, 
2006b). There is an added risk of exposure when it is necessary to dredge contaminated 
sediments to maintain the nation’s navigational channels.
2.1.2 Regulatory Aspects
There are no sediment specific regulations within the United States for dioxins or 
PCNs. Recommended dioxin levels ranging from 1 to 1,000 pg/g dry weight sediment 
have been cited (Wenning et.al., 2004) whereas Eljarrat and Barcelo (2003) reference a 
safe sediment value of 20 pg TEQ/g for dioxins (TEQ = toxic equivalents).
There are two primary international treaties addressing Persistent Organic 
Pollutants (POPs). POPs are defined as organic compounds which are toxic, persistent in 
the environment, bioaccumulative, and subject to long range transport. These treaties are 
the 1998 United Nations Economic Commission for Europe -  Long-Range 
Transboundary Air Pollution (UN-ECE-LRTAP) and the 2001 UNEP Stockholm 
Convention on Persistent Organic Pollutants. Both include restrictions on dioxins and 
neither includes PCNs at present. PCNs have been identified as an emerging compound 
and are proposed for addition to both protocols (Lerche et.al., 2002).
7
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2.1.3 Case Studies
Passaic River. This site in Newark, NJ is a heavily industrialized area, home to hundreds 
of chemical and paint factories and petroleum refineries since the time of the industrial 
revolution (Deason, 2001). This Superfund site, which includes a 17-mile stretch of the 
Lower Passaic River, was added to the National Priorities List on September 1, 1984 
(EPA, 2004a). The responsible party for a portion of this site was identified as the 
Diamond Alkali Company (later known as the Diamond Shamrock Chemicals Company), 
a manufacturer of pesticides at 80 Lister Ave starting in the mid-1940s. The primary 
contaminants in the river are dioxins, furans, and pesticides. The river is under a fish and 
shellfish consumption advisory as a result of the contamination. A long term remedial 
action for the river sediments is still under study.
Tittabawassee River. This river is the largest tributary to the Saginaw River in Michigan 
which was identified by the EPA as an Area of Concern (Hilscherova et.al., 2003). These 
are severely degraded areas within the Great Lakes Basin as defined by the 1987 US- 
Canada Great Lakes Water Quality Agreement. This river, though much less 
industrialized than the Passaic, contains levels of dioxins and furans in the sediments and 
floodplain soils above acceptable health exposure levels. The State of Michigan has 
issued fish consumption advisories affecting carp, catfish, white bass and smallmouth 
bass from the river. This contamination has been primarily attributed to the Dow 
Chemical Company, whose headquarters are located in Midland, Michigan upstream of 
the contamination. Sampling and assessment of the contamination are ongoing and a 
remedial action plan is yet to be decided.
8
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Trenton Channel. This channel of the Detroit River in Michigan is considered one of the 
most contaminated areas for PCNs in the United States. The channel’s nine miles divides 
mainland Michigan from Grosse Isle (see map in Figure 2.1) and acts as a major 
navigational channel for many industries. The Detroit River is one of four major 
channels connecting Lake St. Clair to western Lake Erie. Identified contaminants of 
concern include PCNs, heavy metals, mercury, PCDD/Fs, PCBs, PAHs, and oil and 
grease. These are the result of years of heavy industrial activity and urban development. 
The Detroit river lies on the border between the U.S. and Canada and has been identified 
by the International Joint Commission as an Area of Concern (Marvin et.al., 2002). The 




Figure 2.1: Trenton Channel location
2.2 Nomenclature
The compounds studied all fall under the class of aromatic chlorinated organic 
compounds. These include a double benzene ring structure and can have chlorine atoms 
substituted at each of the hydrogen positions. Other compounds in this class include
9
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PCBs (Polychlorinated Biphenyls), PBDEs (Polybrominated Diphenyl Ethers), and 











Figure 2.2: Selected dioxin and PCN congeners with naming conventions
Dioxin compounds consist of two benzene rings linked by 2 ether (C-O-C) bonds. 
There are eight locations for chlorine substitution resulting in 75 possible congeners. The 
numbering convention is similar to that for PCBs using the carbon number to identify the 
chlorine location (e.g. 1-monochlorodibenzo-p-dioxin for a single chlorine at position 1). 
The oxygen atoms are numbered 5 and 10. As a result the numbering of the chlorine 
locations are 1,2, 3 ,4 ,6 , 7, 8,9. The furan base structure is two benzene rings linked by 
a single ether bond and a single carbon to carbon bond. There are 135 possible furan 
congeners with the same numbering as for dioxins. These compounds are very closely 
related to the dioxins and often co-occur.
10
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The base of the PCN compound (also referred to as "parent compound") is the 
naphthalene molecule, with eight possible substituted chlorines. Similarly to the dioxins, 
PCNs can form 75 possible congeners with the same numbering convention as the 
dioxins and furans. An alternate standard numbering scheme for PCNs was established 
by Wiedmann and Ballschmiter (1993) and is provided in the Appendix (e.g. PCN27 for 
1234-tetrachloronaphthalene).
2.3 Chemical & Physical Properties
PCNs and dioxins have very similar properties to PCBs and other chlorinated 
organics. They are planar molecules with very low water solubility and low volatility. 
Some properties of the studied congeners are included in Table 2.1. The very toxic 
2378-TCDD is included for reference. These compounds tend to exhibit decreasing 
solubility and increasing KoW values with increasing degree of chlorination. The half-life 
of 2378-TCDD in sediments is predicted to be over 50 years when adsorption to 
sediments is taken into consideration (EPA, 2006a).
Table 2.1: Chemical & physical properties
V




2378-TCDD Q 2O2H4CL, 1746-01-6 322 6.80 19.3
OCDD C12O2CI8 3268-87-9 460 8.20 0.074
1234-TCN C10H4CI4 20020-02-4 266
5.75-
6.19 < 65,000
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2.4 Sources
Sources can include both primary sources and re-emissions from previously 
contaminated environmental media. This reversible movement of POPs after initial 
release to the environment may become a more important source now that most of these 
compounds are restricted or banned from production.
2.4.1 Dioxins / Fiirans
Dioxins were never manufactured for industrial use and no known uses exist. 
These compounds were first synthesized in a laboratory in 1872. The primary sources to 
the environment are from combustion (solid waste incinerators, coal-burning power 
plants, unregulated sources) and as a byproduct of chemical processes with chlorine (pulp 
& paper bleaching, chlor-alkali industries, synthesis of pesticide 2,4,5-T) (Johansen, 
2003). Natural sources have been identified at trace levels (e.g. forest fires).
Significant reductions in the environmental flux of dioxins have been noted by 
studying sediment cores. These show a decrease in concentration starting in the 1980s 
corresponding with the introduction of more stringent emission regulations (Gevao et.al., 
2000; Yamashita et.al., 2000).
2.4.2 PCNs
There are three environmental sources of PCNs: (1) through manufacture for 
industrial use, (2) as a contaminant in PCBs, and (3) via releases associated with 
chemical manufacturing industries (Falandysz, 1998). The estimated total quantity of
12
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PCNs in the environment could be several hundred thousand metric tonnes (Falandysz, 
1998; Jamberg et.al., 1997).
The first source is the most significant. PCNs were incorporated into a wide 
variety of industrial products because of their water-repellent, flame-retardant, and 
fungus-resistant properties (Jakobsson and Asplund, 1999) and in fact preceded PCBs in 
many applications. Falandysz (1998) estimated total PCN production to be 150,000 
metric tonnes based on 10% of total PCB production. These industrial materials were 
mixtures of several congeners similar to the Arochlor mixtures for PCBs and were 
marketed under various names: Halowax in the US (Koppers Company), Nibren Waxes 
in Germany, Seekay Waxes in the UK, Clonacire Waxes in France, and Cerifal Materials 
in Italy. PCNs were first produced in 1833 and were used extensively in the 1930-1950s 
(Jakobsson and Asplund, 1999). US production ceased in 1980 although it is not known 
if they are still produced worldwide. In fact, two recent cases of illegal PCN importation 
to Japan for the manufacture of synthetic rubber products were reported (Yamashita 
et.al., 2003). Both instances occurred in the late 1990’s, well after the 1979 Japanese ban 
on PCNs. The primary industrial uses included cable insulation, wood preservation, 
engine oil additives, electroplating masking compounds, feedstocks for dye production, 
dye carriers, capacitors, and refractive index testing oils (Crookes and Howe, 1993).
PCNs are also present as a contaminant in PCBs at very low concentrations and as 
a result can be released to the environment with PCBs. The Aroclor and Clophen PCB 
series can contain up to 0.087% PCNs (Falandysz, 1998). Finally, releases can be 
associated with chemical manufacturing processes (magnesium refining, copper ore 
roasting, aluminum reclamation, & chlor-alkali production) and waste incinerators
13
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(Crookes and Howe, 1993). PCNs with dissimilar congener patterns have been identified 
in incinerator fly ash, flue gas, and circulating water (Falandysz, 1998). There are no 
known natural sources of PCNs.
2.5 Fate and Transport
2.5.1 Fate
The primary processes affecting the environmental fate of chlorinated 
contaminants are volatilization, sorption, oxidation/reduction, hydrolysis, photolysis, 
biodegradation/biotransformation, plant uptake, and bioaccumulation/bioconcentration. 
Some of these processes transfer the contaminant to a different environmental 
compartment without breaking it down while others transform the contaminant to 
byproducts which can be either less or more toxic than the starting compound.
Chlorinated organics such as PCNs and dioxins have low vapor pressures and 
Henry’s law constants and as a result are unlikely to be found in the atmosphere unless 
attached to particulate matter. Volatility tends to decrease with increasing degree of 
chlorination suggesting that volatilization may only be significant for the less chlorinated 
congeners.
Large aromatic compounds tend to be strongly lipophilic and sorb strongly to soil 
and sediments. The degree of adsorption (measured by KoW) increases with increasing 
organic carbon content in sediments (Vallero, 2005) and with increasing number of 
substituted chlorines. This could explain the predominance of OCDD in dioxin 
contaminated sediments. Adsorption is also a significant fate process for PCNs (Crookes 
and Howe, 1993).
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2.5.2 Transport
These compounds are either deposited from the atmosphere with particulate 
matter or emitted directly into water bodies by industrial sources. Rivers transport 
organic and inorganic pollutants by the movement of suspended sediments or by aqueous 
phase. The relative distribution of contaminants between these compartments is a 
function of the sediment quantity and percent organic matter (Teil et.al., 1998). Many 
chemicals in surface waters are sorbed onto suspended particles which eventually settle to 
the bottom removing the chemicals from the water column. Once in the sediments, they 
can remain there long term, possibly be degraded via anaerobic biodegradation, or be 
remobilized to the water column.
2.6 Occurrence in Sediments
Numerous studies have been conducted globally assessing the presence of dioxins 
and PCNs in sediments. Some of the key reviews and recent reports on dioxin and PCN 
contamination in sediments are summarized here to give an understanding of the 
magnitude and extent of this issue. ,
2.6.1 Dioxins / Furans
Dioxins and furans are usually found in the environment at as little as 1,000 times 
lower concentrations than PCNs, PCBs, or PAHs. Yet, they can still be of significant 
concern given their much higher toxicity. Historical sediment cores have revealed 
increasing concentrations of dioxin starting in the 1940’s up to a peak in the 1960/70’s 
followed by decreasing levels (Alcock and Jones, 1996).
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Surface samples at a non-industrial site measured 0.75 ng/g (Alcock and Jones,
1996). At more contaminated sites, reported values for total PCDD/Fs were 24 ng/g and
53.6 ng/g in the Passaic and Tittabawassee Rivers (Hilscherova et.al., 2003). Recently 
published data on sediments in the heavily polluted Houston Ship Channel in Texas 
ranged from 0.1 to a maximum 41 ng/g dry weight for individual congeners (Suarez 
et.al., 2006). OCDD is typically the most abundant congener found in sediments. This is 
ascribed to its very low solubility (0.074 ng/L) and strong affinity for adsorption.
2.6.2 PCNs
The background PCN concentrations in European, North American, and Japanese 
sediments are within the same order of magnitude and typically about 1 ng/g dry weight 
(Lundgren et.al., 2003). Falandysz (1998) reported sediment concentrations ranging from 
0.23 -  1,000 ng/g in background and polluted sites in his review of PCNs in the 
environment. Notably higher concentrations have been measured in areas near local 
manufacturing sources of contamination: 2,500 ng/g and 23,400 ng/g near former chlor- 
alkali plants in Bitterfeld, Germany (Brack et.al., 2003) and Georgia, USA (Kannan et.al., 
1998) respectively, and 61,000 ng/g in the industrialized Trenton Channel of the Detroit 
River (Furlong et.al., 1988). The predominant PCN congeners in sediments vary 
depending on the contamination source although tetraCNs appear to be the most abundant 
in background contamination (Lundgren et.al., 2003; Falandysz, 1998).
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2.7 Toxicity
2.7.1 Dioxins
Dioxins and in particular, 2378-TCDD are considered the most toxic man-made 
chemicals. Dioxin is toxic at incredibly low environmental levels with responses that can 
include death, reproductive defects, liver damage, compromised immune system, 
chloracne (dermal lesions), and cancer. The World Health Organization (WHO) 
recommends a tolerable daily intake (TDI) level of 1 to 4 pg/kg body weight/day for 
dioxin compounds. The EPA drinking water MCL for 2378-TCDD is 3xlO'8 mg/L. Of 
the 210 dioxins/furans, only the 17 congeners with the 2378-substitution pattern are 
considered toxic and regularly analyzed in environmental samples.
Toxic equivalency factors (TEF) were established and published by the WHO for 
evaluating the relative toxicity and associated risks for contaminated sites. 2378-TCDD 
is assigned a TEF of 1 and all other compounds are given a relative TEF factor providing 
an order of magnitude estimate of relative toxicity. The 1998 WHO TEF factors for 
several representative compounds are given in Table 2.2. These factors can be used to 
evaluate the overall toxicity of a sample in toxic equivalents (TEQ) using the following 
equation:
ng of TEQ _ y i  ^ conc, n congener n (ng/kg) x TEF for congener n) (Equation 2.1)
kg of sample
where n is a congener of a given compound (ie. dioxin, PCB, etc.).
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2.7.2 PCNs
The toxic nature of PCNs was first identified in the 1930s when exposed workers 
at the Halowax Corporation experienced an outbreak of chloracne and a few of them 
died. The toxicity of all of the PCN congeners is not known but all of the congeners are 
planar and have structural similarities to 2378-TCDD. A number of the PCNs have been 
demonstrated to elicit the same toxicity mechanisms that are representative of dioxin-like 
toxicity and can result in the same list of responses (Falandysz, 1998).
The most potent PCNs are the hexa- and hepta-CN and to some degree the penta- 
CN congeners. This toxicity is related to both the degree and relative positions of the 
chlorination (Villeneuve et.al., 2000). The WHO has not assigned TEF values to any 
PCNs due to a lack of available data although they recognized that these compounds meet 
the criteria for inclusion in TEF evaluations (Van den Berg, 1998). A similar factor for 
evaluating toxicity relative to 2378-TCDD is relative potency (REP) and these have been 
determined for 20 PCN congeners and 6  Halowax mixtures (Blankenship et.al., 2000). 
The REPs for the potent PCNs are of the same order of magnitude as some co-planar 
PCBs.
2.7.3 Toxicity in Sediments
Dioxins are the most toxic contaminants found in environmental sediments. 
However they are typically found at much lower concentrations than other organic 
contaminants often reducing their contribution to overall sediment toxicity. PCNs can 
contribute significantly to the overall TEQ and may even be the primary contributor as 
compared to PCBs, PCDD/Fs, and PAHs (Eljarrat and Barcelo, 2003; Blankenship et.al.,
18
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2000; Kannan et.al., 1998). In fact, PCNs contributed up to 59% of the overall sediment 
toxicity near a former chlor-alkali plant (Kannan et.al., 1998) and as much as 84% of the 
total in sediments from the Detroit and Rouge rivers in Michigan (Kannan et.al., 2001).
Table 2.2: Dioxin & PCN toxicity




2378-TCDD 1 WHO, ‘98
12378-PeCDD 1 WHO,‘98
2378-TCDF 0 .1 WHO, ‘98
OCDD 0 .0 0 0 1 WHO, ‘98
123467-HexaCN 0.004 (Blankenship et.al., 2000)
123567-HexaCN 0 .0 0 1 (Blankenship et.al., 2000)
123678-HexaCN 0.00059 (Blankenship et.al., 2000)
1234567-HeptaCN 0 .0 0 1 (Blankenship et.al., 2000)
2.8 Analytical Measurement Techniques
2.8.1 Gas Chromatography / Mass Spectrometry (GC/MS)
The US EPA has a standard method (SW846 8280A) for dioxin analysis by 
GC/MS using low resolution mass spectrometry (LRMS). The quantitation limit with 
this method is 1 to 5 ppb for soil and sediment samples (Grob and Barry, 2004).
There are no standard methods for PCN measurement although the typical 
approach is to use either GC/MS or GC with electron capture detector (ECD). It is 
necessary to use multiple columns to achieve complete separation of all 75 congeners 
(Jakobsson and Asplund, 1999). Otherwise the co-eluting congeners are reported 
together. Compounds are usually identified and quantified based on commercial PCN 
mixtures such as the Halowaxes since analytical standards are not available for all of the
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PCN congeners (Hamer and Kucklick, 2003). Multiple alternate methods have been 
developed to estimate retention times and quantify PCNs using models based on 
compound properties (Rayne and Ikonomou, 2003; Olivero and Kannan, 1999; Jamberg 
et.al., 1994; Wiedmann and Ballschmiter, 1993).
2.8.2 Other Analytical Methods
Advanced GC/MS techniques. High resolution mass spectrometry (HRMS) at a 
resolution of 1 0 ,0 0 0  combined with quantification using the isotope dilution method can 
achieve detection of a femtogram of dioxin (10'15g). This very sensitive method is 
considered the reference technique (US EPA Methods 1613, 8290) for the analysis of 
dioxins/furans but is very expensive and requires highly skilled analysts (Santos and 
Galceran, 2002). More advanced methods that are now being applied for sensitive and 
fast dioxin analyses include quadrupole ion storage MS (QISTMS) and two-dimensional 
gas chromatography (GCXGC) coupled with time-of-flight MS analysis (TOFMS) 
(Focant et.al., 2005; Santos and Galceran, 2002).
Immunoassay methods. The total toxic equivalence (TEQ) of a sample containing 
dioxins, PCNs, or similar compounds can be measured using kit bioassay methods such 
as the enzyme-linked immunosorbent assay (ELISA) or the chemical-activated luciferase 
gene expression (CALUX). A color-based or light-emitting reaction takes place when 
the dioxin interacts with a given compound (eg. enzyme, antibody) and is quantified.
The advantage of these methods is that they are simple to run, fast, and less expensive 
than operating a GC/MS system. This approach is very effective at determining the 
presence of a given type of toxic effect (Hanberg et.al., 1991). The disadvantage is that it
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is not possible to differentiate individual compounds or congeners in a sample. Currently 
these methods appear best suited for preliminary scanning of samples for the presence of 
dioxin-like compounds to minimize GC/MS samples (Houtman et.al., 2004) or for 
determination of the overall change in sample toxicity as a result of remediation.
2.9 Treatment
The current options in the engineer or project manager’s toolbox for sediment 
remediation include: ( 1) monitored natural attenuation, (2 ) dredging followed by 
transport to disposal (hazardous waste landfill, incineration, confined disposal facility, or 
other ex-situ treatment), (3) capping with sand or reactive materials, (4) bioremediation, 
and (4) in-situ abiotic treatments. In 2004, the most commonly applied sediment 
management approach was dredging and disposal. Sand capping and natural attenuation 
also received regular consideration (SERDP & ESTCP, 2004). The remediation of 
contaminated sediments is expensive. Cushing (1999) reported mechanical dredging 
costs of $680/yd at Bayou Bonfouca, Louisiana and combined dredging and treatment 
costs as high as $ 1,842/yd3 on other projects.
The Superfund criteria for remedy selection include: overall protectiveness of 
human health and the environment, permanence, minimization of short-term risks, ease of 
implementation, cost, and reduction of toxicity, mobility, or volume through treatment. 
In-situ chemical treatment is attractive given that sediment removal is not required and 
the contaminant is destroyed (National Research Council, 1997). Among the major 
challenges to be addressed are preventing re-suspension of the contaminated sediments 
into the water column during treatment and ensuring contact of the reagent with the 
contaminants through good mixing (National Research Council, 1997).
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2.9.1 Available Technologies for Dioxins and PCNs
Conventional treatment. The disposal of dioxin contaminated sediments is controversial 
and difficult even for conventional approaches such as dredging and sand capping. Many 
of the complications are highlighted in a 1993 case study of 500,000 yd3 of dioxin 
contaminated sediments dredged in Newark Bay followed by ocean disposal and sand 
capping. The project required three years to obtain a disposal permit, underwent 
litigation, had Greenpeace representatives chained to the barges, needed to dredge 2.4
■a
million yd of clean material for capping, and ultimately found the contaminated material 
spread outside the designated disposal area at the end of the project (Greges, 1994). 
Greges (1994) did not provide project costs in this publication. Dredging, understood to 
remove the contamination, can result in re-suspension and dispersion of sediments 
downstream. This can cause increased turbidity and ultimately increased 
bioaccumulation of contaminants as these compounds are re-introduced to the water 
column (Su et.al., 2002).
Another recent project addressed dioxin contaminated sediments in Sydney, 
Australia. The affected area was isolated with coffer dams, drained, excavated, and the 
contaminated material was processed by an indirect thermal desorption process followed 
by base catalyzed decomposition of the condensate (Swane et.al., 2003).
Phvsical/chemical treatment. Existing physical/chemical treatment methods for 
hazardous solid wastes (soils, flyash, sediments) are limited. Haijanto et. al.’s review 
(2000) of dioxin remediation technologies lists supercritical water oxidation (SWO), base 
catalyzed decomposition (BCD), and thermal remediation as the only proven
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technologies at pilot scale or larger. These methods require very high temperatures 
(400°C for SWO & BCD) and pressures (30 MPa for SWO) to achieve high rates of 
destruction (99.7% for SWO, 99% for BCD). Thermal treatments include multiple stage 
incinerators and melting furnaces which operate at temperatures exceeding 1,300- 
1,600°C. An EPA pilot test of this type of furnace technology converted dredged, 
dewatered sediments from the Lower Fox River to a glass aggregate product removing 
99% of the dioxin content (Richards et.al., 2005).
These options have serious limitations to overcome and high costs for application 
at large scale. Clearly there is a continued need to develop technologies that can achieve 
high rates of contaminant destruction, rapidly, and at lower costs.
2.9.2 Developing (Lab Scale) Technologies for Dioxins and PCNs
Biodegradation. Biodegradation as an in-situ treatment alternative is very attractive 
given the cost savings and reduced exposure associated with not dredging and the 
potential for breakdown to less toxic compounds. Yet it can be observed from the 
continued persistence of both dioxins and PCNs in sediment environments that these 
compounds are not fully degraded by indigenous microorganism populations. One 
reason for this observation may be the low concentration and limited bioavailability of 
these strongly sorbed compounds (Adriaens et.al., 1995).
Under anaerobic or reducing conditions, as typically found in sediments, the more 
chlorinated dioxins (5-8 chlorines) can undergo partial dechlorination reactions to tetra- 
through monochlorinated dioxins (Barkovskii and Adriaens, 1996; Adriaens et.al., 1995). 
The preferential removal of the non-lateral chlorines can cause an overall increase in 
sediment toxicity resulting from the formation of 2378-TCDD from more chlorinated
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congeners (Albrecht et.al., 1999; Barkovskii and Adriaens, 1996; Adriaens and Grbic- 
galic, 1994). More recently, the addition of amendments achieved an 80% reduction of 
1234-TCDD to mono- through tri-CDDs in spiked sediments over a 17-month period 
(Ahn et.al., 2005; Vargas et.al., 2001). The 2001 review by Parsons and Toussaint found 
that aerobic bacteria cultures are unable to degrade PCDD/Fs with five or more chlorines 
and even the lesser chlorinated congeners are only partially degraded. White-rot fungi, 
which have been shown to attack many of the more recalcitrant compounds, degraded 40 
to 76% of a mixture of 2378-substituted tetra through octachlorinated dioxins and furans 
(Parsons and Toussaint, 2001).
Thus, it should be theoretically possible to bioremediate sediments through a 
combination of reductive dehalogenation followed by either aerobic microbial or fungal 
decomposition (Hiraishi, 2003). However the degradation rates are very slow and this 
approach is yet to be proven beyond bench scale.
Zerovalent metal / catalytic treatment of dioxins & PCNs. This is the first study to look 
at the reaction of Mg/Pd bimetal with dioxins or PCNs in solvents or in sediments. 
Researchers have investigated the dechlorination of dioxin with supported Pd catalysts 
(Yang et.al., 2006; Ukisu and Miyadera, 2004; Ukisu and Miyadera, 2003; Tundo et.al.,
2001), metallic calcium (Mitoma et.al., 2004), zerovalent iron (ZVI) in subcritical water 
(Kluyev et.al., 2002), zerovalent zinc (Adriaens et.al., 1996), and nickel chloride/sodium 
borohydride (NiCb/NaBHU) catalyst (Stojkovski et.al., 1992). Few studies have 
addressed the treatment of PCNs although they were reacted with NiCl2/NaBH4 catalyst 
(Stojkovski et.al., 1991; Kennedy et.al., 1982). The reaction of naphthalene with Fe/Pd
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has been reported (Kim et.al., 2004b). Many of these catalytic reactions were designed 
for analytical purposes to reduce complicated mixtures of congeners to dibenzo-p-dioxin 
or naphthalene to simplify the quantification of total dioxin or PCN in a given sample. 
Stojkovski et al. (1992; 1991) noted that a catalytic approach could also be used as a 
treatment method for dioxins and PCNs.
More specifically, supported Pd catalytic reactions of 1234-TCDD and mixtures 
of dioxin/furans extracted from fly ash achieved 80-90% conversion to dibenzo-p-dioxin 
(DD) in 1 to 3 hours in solvent solutions (Ukisu and Miyadera, 2004; Ukisu and 
Miyadera, 2003). Recoveries of DD were high except when highly sorptive activated 
carbon was used as the palladium support. The inclusion of NaOH to neutralize HC1 
formed in the reaction was reported as crucial to minimize catalyst deactivation (Ukisu 
and Miyadera, 2003). Tundo et al. (2001) observed a rapid decrease in dioxin content to 
below detection limits for fly ash extract reacted with Pd/C. He did not identify any final 
reaction products because the analysis did not measure below tetra-congeners. However 
transitory byproducts were identified as proof of dechlorination. Most recently, Yang et 
al. (2006) reported 99.97% removal of PCDD/Fs from fly ash extracts with a Pd/C 
catalyst but did not provide quantified products. The reaction with zerovalent zinc 
achieved stoichiometric conversion of 40% of OCDD to penta-, hexa-, and hepta-CDD in 
24 hours (Adriaens et.al., 1996) but did not proceed further. The dechlorination reaction 
with NiCl2/NaBH4 in IPA was very rapid for PCNs (<1 hour) and for dioxins (<3 hours) 
with 80-93% recovery of the non-toxic parent compound (Stojkovski et.al., 1992; 
Stojkovski et.al., 1991). When the reaction with PCNs was allowed to run longer (> 3 
hours), further hydrogenation occurred resulting in tetralin (C10H12) and decalin (CioHig)
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in some cases (Stojkovski et.al., 1992; Stojkovski etal., 1991; Kennedy et.al., 1982). 
Similarly the reaction of naphthalene with Fe/Pd generated tetralin and decalin (Kim 
et.al., 2004b).
Stepwise chemical dechlorination was demonstrated in several of these reactions 
(Ukisu and Miyadera, 2004; Stojkovski et.al., 1992; Stojkovski et.al., 1991). The 
reactions are faster for the more chlorinated congeners because the increased number of 
chlorines results in weaker C-Cl bonds (Yang et.al., 2006; Mitoma et.al., 2004). In 
catalytic reactions the removal of the lateral chlorines are marginally preferred over the 
longitudinal positions. Consequently, contrary to biological remediation there is no 
tendency to generate the more toxic 2378-substituted congeners.
Reaction rates for different substrates are expected to be different (Marshall et.al.,
2002), While Kennedy (1982) and Stojkovski et al. (1992) related the reaction with 
dioxins as faster than PCBs due to their planar structure, Adriaens et al. (1996) and Yang 
et al. (2006) reported it to be slower and less extensive due to the stabilizing effect of the 
ether bonds on the dioxin molecule.
Only the OCDD dechlorination study by Kluyev (2002) presented the reaction in 
contaminated sediments. These sediments were spiked to 11 ppm providing reliable 
analytical detection of lower chlorinated congeners formed during the reaction. Stepwise 
dechlorination occurred in this reaction between ZVI and OCDD in subcritical water.
The overall toxicity had increased after 90 minutes reaction time with the formation of 
more toxic tetra- and penta-CDD congeners.
Among these promising technologies, the supported Pd and NiCk/NaBKU 
catalysts were highly effective but require very expensive materials and are not
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appropriate for in-situ use in the environment. As a result, these appear better suited to 
laboratory scale dechlorinations for analytical purposes and detoxification of smaller 
scale industrial wastes such as incinerator fly ash. The reactions with ZVI and zerovalent 
zinc were unsuccessful as the product samples had increased toxicity or inadequate 
contaminant removals. The reaction with metallic calcium in ethanol may be the most 
promising of those evaluated. Near complete (98-100%) conversion of PCDD/Fs and 
PCBs was achieved using relatively safe reagents at room temperature and pressure 
(Mitoma et.al., 2004). Clearly, a need persists for the development of more inexpensive, 
fast, effective treatment options for dioxins and PCNs.
Me/Pd and Fe/Pd treatment of chlorinated organics. Zerovalent metals (Fe°, Mg°, and 
Zn°) have been used for the dehalogenation of chlorinated organics such as TCE for 
years. The advantages of this approach are cost, low environmental impact of spent 
metal ions, and no production of toxic byproducts such as PCDD/Fs which can be formed 
during the incineration of other chlorinated organics (Morales et.al., 2002a). These 
compounds readily act as electron donors given their strong reducing power 
(E° (Fe°) = -0.44 V & E° (Mg°) = -2.022 V). The equation for this reaction was given in 
the introduction chapter. Chlorinated aromatics such as PCBs are highly recalcitrant yet 
have been successfully reduced when the zerovalent metal is combined with palladium 
(Pd) catalyst (Kim et.al., 2004a; Doyle et.al., 1998; Grittini et.al., 1995). This reaction 
does not proceed in the absence of Pd unless the temperature is elevated (Lowry and 
Johnson, 2004; Grittini et.al., 1995).
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The palladium catalyst lowers the overall reaction activation energy. Hydrogen 
released by the corrosion of the zerovalent metal accumulates in the Pd lattice structure 
and on its surface and is subsequently available for the reaction (Korte et.al., 2002; Yuan 
and Marshall, 2002). Furthermore, Pd is an excellent dehalogenation catalyst because it 
promotes cleavage of the C-Cl bond and is resistant to catalyst poisoning (Urbano and 
Marinas, 2001).
Magnesium based reactions are much faster and more efficient than those with 
iron (Marshall et.al., 2002; Morales et.al., 2002a). This is attributed to the higher 
reducing power and greater resistance to surface oxidation. This provides the added 
advantage that unlike reactions with Fe, there are no special requirements to work with 
Mg in anaerobic conditions or treat it with acid to avoid surface oxidation (Agarwal et.al., 
2006). Caution is advised in the use of Mg/Pd as the reaction is very rapid and violent. 
Recommended safety precautions include ensuring the Mg/Pd is fully wetted upon 
contact with water and venting the generated hydrogen gas.
The reaction of Fe/Pd and Mg/Pd with PCBs is very rapid (typically 5-30 
minutes) with multiple papers reporting complete conversion to biphenyl (Agarwal et.al., 
2006; Kim et.al., 2004a; Engelmann et.al., 2003; Korte et.al., 2002; Wu and Marshall, 
2001; Engelmann and Cheng, 2000; Doyle et.al., 1998; Wang and Zhang, 1997; Grittini 
et.al., 1995). In some instances the reaction proceeded further with the saturation of the 
carbon to carbon double bonds on the aromatic ring to generate phenyl cyclohexane or 
bicyclohexane (Engelmann et.al., 2003; Wafo et.al., 1997). For the case of chlorinated 
phenols reacted with Mg/Pd, the same phenomena took place with the formation of 
cyclohexanol and cyclohexanone (Marshall et.al., 2002; Morales et.al., 2002b).
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While several researchers were able to close the reaction mass balance with the 
formation of biphenyl as listed above, many others observed low recovery of byproducts 
with as little as 11 % product recovery reported (Lowry and Johnson, 2004; Engelmann 
et.al., 2003; Marshall et.al., 2002; Morales et.al., 2002a; Morales et.al., 2002b; Gu et.al.,
1997). Proposed explanations included irreversible adsorption to the metal surface or lab 
glassware, volatilization of low molecular weight products, photodegradation, 
biodegradation, or the formation of products not measurable by the analytical methods 
used. Of these, adsorption to glassware, photodegradation, and biodegradation can be 
dismissed as they would affect the control sample equally.
The reaction is understood to take place at the metal surface and there is a 
difference in opinion among researchers as to whether the mechanism is a stepwise 
removal of chlorines (Kim et.al., 2004a; Korte et.al., 2002; Marshall et.al., 2002) or free 
radical based (Morales et.al., 2002a; Engelmann and Cheng, 2000; Wafo et.al., 1997). In 
general, it appears that the reaction is very complex and the course of the reaction is 
affected by many variables. Factors listed included metal surface area, amount of 
palladium, substrate concentration, pH, temperature, solvent selection, and solvent 
concentration. (Xu etal,, 2005; Engelmann et.al., 2003; Korte et.al., 2002; Marshall et.al., 
2002; Grittini et.al., 1995). Increased solvent concentration decreases the rate of reaction 
because the substrate is more likely to stay in solution and not adsorb to the bimetal 
catalyst surface (Wee and Cunningham, 2006; Korte et.al., 2002; West et.al., 1996). The 
more chlorinated congeners undergo dechlorination before the lesser chlorinated 
compounds (Lowry and Johnson, 2004; Wafo et.al., 1997). Although many of the 
researchers (Kim et.al., 2004a; Gu et.al., 1997) depict the reaction as characteristic of
29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pseudo-first order kinetics, others (Morales et.al., 2002a; Wafo et.al., 1997) recognize the 
kinetics as very complex and not fitting this relatively simple model. The one aspect that 
all researchers appear to agree on is that these dechlorination reactions lead to reduction 
in sample toxicity with the generation of more innocuous non-chlorinated compounds.
Lowry and Johnson (2004) investigated the dechlorination of PCBs with 
palladized ZVI in pure solvents with the goal of applying this technology to the in-situ or 
ex-situ treatment of contaminated sediments. They identify the key challenges to the 
application of this technology as the short reaction duration ( ~ 2  days) attributed to metal 
surface passivation or catalyst poisoning and the high cost of palladium ($ 14.75/gram). 
Engelmann et al. (2003) evaluated the treatment of PCB spiked soil samples with Mg/Pd 
unsuccessfully due to significant interferences. Conversely, Wu and Marshall (2001) 
were successful in the reduction of spiked PCBs in soils and sediments with 95% 
conversion to biphenyl. More recently, an evaluation of the dechlorination of PCB 
spiked sediments with Fe/Pd found rapid dechlorination over the first two hours of 
reaction with approximately 50% overall PCB removal and the formation of biphenyl 
(Fang and Al-Abed, 2006). In newly completed research at UNH, Calante (2006) studied 
the reaction between PCBs and Mg/Pd in actual, un-spiked contaminated sediments. In 
this work, up to 84% total PCB removal was achieved in the first 24 hours (Calante, 
2006).
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The magnesium palladium (Mg/Pd) bi-metal powder is composed of 0.01% 
Palladium and is 4pm nominal diameter. This material was supplied by NASA to UNH 
for study. The bi-metal is fabricated by contacting palladium impregnated carbon with 
magnesium in a ball mill (Halle et.al., 2005). The Mg/Pd was stored in a tightly closed 
container at ambient temperature. Figure 3.1 shows a scanning electron micrograph of 
the Mg/Pd surface. The image from a backscatter detector, used to distinguish different 
atomic masses, is provided on the right hand side. The “A” in this image denotes the 
palladium deposited on the Mg surface.
Figure 3.1: Scanning electron micrograph of Mg/Pd catalyst (5000X magnification) 
(Photographs taken at Case Western Reserve University)
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3.2 Pure Solvent Experiments
3.2.1 Materials
High purity, GC-grade solvents were obtained from Fisher Scientific: methanol 
(MeOH), hexane (Hx), toluene (Tol), and acetone (Acet). Distilled water was generated 
in the laboratory with a Bamstead Mega-Pure System MP-3 A (Model #A440696) fed by 
the building laboratory grade reverse osmosis water loop.
PCN and dioxin standards were purchased from Accustandard (New Haven, CT) 
and Ultrascientific (North Kingstown, RI). All standards were used in advance of their 
expiry dates. Certificates of analysis were received confirming percent purity and 
concentration. The following congeners were studied: 1234-tetrachloronaphthalene 
(1234-TCN, C10H4CI4) (lOmg neat), octachloronaphthalene (OCN, CioClg) (20mg neat), 
and octachlorodibenzo-p-dioxin (OCDD, C12O2CI8) (50pg/mL in toluene). The fully 
chlorinated PCN and dioxin congeners were selected to increase the likelihood of 
locating lesser chlorinated congeners over the course of the dechlorination reaction. 
Furthermore, OCDD is very persistent and is the primary dioxin contaminant in the 
Passaic and Tittabawasee River sediments (Hilscherova et.al., 2003; Bopp et.al., 1991). 
The predominance of TeCNs in sediments has also been reported (Yusa et.al., 2006; 
Lundgren et.al., 2003) making the selection of 1234-TCN appropriate for study.
Halowax standards (HW1000, HW1014, HW1051, HW1099), naphthalene, 2378- 
tetrachlorodibenzo-p-dioxin (2378-TCDD), dibenzo-p-dioxin (DD), and 
octachlorodibenzofuran (OCDF) were obtained from Accustandard for the purposes of 
identifying retention times and mass spectra.
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For QC purposes, the surrogate standard decachlorobiphenyl (BZ#209) was used 
to determine the extraction efficiency. 2456-tetrachloro-m-xylene (TCMX) solution was 
used as an internal standard for the GC/MS analysis. These are recommended standards 
for PCB analyses per EPA method 8081 (Organochlorine Pesticides by Gas 
Chromatograph) and method 8082 (Polychlorinated Biphenyls (PCBs) by Gas 
Chromatography). These standards were selected for PCN and dioxin analyses given 
their similar chemical and physical properties to PCBs.
3.2.2 Methods
Reactivity. Initial batch experiments investigated the reactivity of Mg/Pd with PCNs and 
dioxins. The initial and final concentrations were not quantified for these preliminary 
runs. The determination of reactivity was made based on observing a reduction in 
chromatogram peak area for the compound of interest. This area is directly proportional 
to concentration. Specific conditions for the reactivity experiments are given in Table
3.1.
Table 3.1: Conditions for reactivity experiments
Contaminants Evaluated 1234-TCN, OCN, OCDD
Initial Concentration (pg/mL) 1 0
Solvent Batch Matrix 10% MeOH/Water
Batch Size (mL) 1 0
Mg/Pd Amount (g) 0 .1
Duration (min) 30
All of the solvent experiments followed the same method. These experiments
were carried out in either capped 40mL clear TOC vials or lOOmL Erlenmeyer flasks
with stoppers. A PCN or dioxin solution was prepared by adding the appropriate volume
of contaminant stock solution to the solvent (e.g. methanol) and then water was added to
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the required volume. Next, the Mg/Pd was weighed using an OHaus Model E01140 scale 
(0.1 mg readability) and added to the solution. This was believed to be sufficient excess 
Mg/Pd for the reaction to proceed to completion. See photograph of a reaction flask in 
Figure 3.2.
Figure 3.2: Solvent reaction flask
The vials were placed on a rotary shaker and mixed for the selected time duration 
at 150-250 rpm. Samples with reaction times of less than 5 minutes were hand shaken. 
Vials were uncapped and covered with parafilm and aluminum foil prior to placing them 
on the shaker table. This was done to prevent vial breakage due to pressure buildup as a 
result of hydrogen gas generation. A control sample was prepared without Mg/Pd and 
was used as a reference to the reacted sample. Blank samples contained Mg/Pd but no 
contaminant. Duplicate samples were included for most experiments.
The entire mixture including the Mg/Pd was hand extracted with hexane at the 
end of the reaction time. During the initial work with dioxin compounds it was noted that 
OCDD is not very soluble in hexane. In later experiments, toluene was used instead with 
improved results. Hexane continued to be used for the PCN compounds. For the lOmL 
samples, 5mL of hexane was added to the vial. A lOmL sub sample was used for the
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extraction of the lOOmL samples. The Erlenmeyer flask was well mixed prior to taking 
the sub sample with the goal of obtaining a sample that was representative of the total 
mixture (i.e. 1 mL MeOH : 9 mL water). The extraction vial was capped and shaken by 
hand for 30 seconds. The vial was vented and the layers were allowed to separate. This 
shaking and venting sequence was repeated for a total of three times. After the layers 
separated, a 1.5mL aliquot was sampled from the top clear layer to a GC vial for analysis. 
Internal standard was added to each GC vial for samples to be quantified. The samples 
were analyzed according to the methods described in the GC/MS section of this chapter.
One hypothesis under consideration was that the starting compound or the 
resulting byproducts were strongly adsorbing to the surface of the Mg/Pd and not 
undergoing the reaction or being extracted at the end of the experiment. In some 
experiments the Mg/Pd was filtered and subjected to ultrasonic extraction to test this 
hypothesis and ensure extraction of any adsorbed compound. This more rigorous 
extraction method is detailed in the sediment section of Materials & Methods.
In their work with the dechlorination of PCB mixtures by Fe/Pd, Grittini et. al. 
(1995) noted the importance of the presence of oxide layers on the metal Surface to the 
reaction. In one set of experiments, Mg/Pd was “aged” by adding it to the 
methanol/water mixture and mixing for 24 hours prior to spiking the contaminant. In this 
test, 1234-TCN and OCN were reacted for 30 minutes with the aged Mg/Pd. Only the 
1234-TCN results were quantified. All aspects of the reaction conditions were the same 
as for the reactivity experiment.
Solubility issues posed an additional question as to whether the hydrophobic 
contaminant was coming in contact with the Mg/Pd for the reaction to take place. In the
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case of a MeOH/water mixture spiked with the contaminant in hexane, it was thought that 
the contaminant may stay in the hexane phase and not react. This theory was tested by 
making up neat standards in methanol and then carrying out the reaction.
Kinetics. Additional batch experiments were conducted with all three of the studied
congeners to evaluate the reaction kinetics. The reaction conditions are listed in Table
3.2. Samples were reacted for 1,3,10, and 30 minutes for all experiments and up to 120
minutes for one set of OCN and OCDD experiments. A separate flask was used for each
time interval. For these and all later experiments, the extraction solvent contained
2pg/mL of surrogate standard as decachlorobiphenyl (BZ209). The loading rate was
defined as the ratio of contaminant concentration to the mass of Mg/Pd added per the
following equation:
Loading Rate, LR(mg/g) = Cone' n of PCN or Dioxin (//g/mL) x Volume (mL)
-------------------- :----------------------------------------- (Equation 3.1)
Mass of Mg/Pd (g) x 1000 (//g/mg)


















2 1234-TCN 1 0 10% MeOH/ 
Water
1 0 0 .1 1 .0 1,3,10, 
30
1 0 OCN 5 10% MeOH/ 
Water
1 0 0 0.5 1 .0 1,3,10,
30
1 2 OCN 5 50% IPA/ 
Water
1 0 0 0.5 1 .0 1,3,10, 
30,120
8 OCDD 5 10% MeOH/ 
Water
1 0 0 .1 0.5 1,3,10, 
30
1 2 OCDD 5 50% IPA/ 
Water
1 0 0 0.5 1 .0 1,3, 10, 
30,120
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Identification of products. One of the primary research goals was to identify reaction 
products demonstrating the occurrence of dechlorination conclusively. Initial reaction 
experiments showed the removal of the starting compound but did not turn up any 
products on the GC/MS output. Multiple approaches were attempted to find these 
products.
Chloride measurements
Experiments by Nomura et. al. used the measurement of chloride in solution to 
show that dechlorination was taking place in a mechanical reaction with chlorinated 
compounds (Nomura et.al., 2005). Experiments were run to emulate this approach. 
Measured chloride ion concentration in solution can be compared to the theoretical 
concentration based on a dechlorination reaction. To conduct a chloride mass balance: 
Mass Chloride In = Mass Chloride Out. That is:
(Cf in Mg/Pd) + (Cf in PCN) + (Cf in H20/MeOH)
= (Cf in PCN) + (free Cl' in solution) + (Cl' complexed with Mg ions) (Equation 3.2)
These experiments were ultimately abandoned due to issues resulting from the 
fact that the Mg/Pd material contains large quantities of chloride obscuring the 
measurement of chloride ions released in a dechlorination reaction. A detailed 
methodology for these experiments is therefore excluded from this text.
Solvent used
According to Kennedy et. al. (1982), the solvent used will affect the course and 
the end product generated by this type of reaction. In their work, PCNs were reduced in
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methanol, ethanol, and isopropyl alcohol solutions with the generation of decalin 
(C10H16), tetralin (C10H12), and naphthalene (CioHs) respectively. Korte et. al. (2002) 
found that the rate of reaction was affected by varying the concentration of solvents used 
with the best rate occurring at 50% solvent solution. Furthermore, a molar excess of 
sodium hydroxide (NaOH) will react with the generated hydrogen and chloride ions 
preventing the formation of hydrochloric acid during the dechlorination process which 
can poison the metal catalyst (Urbano and Marinas, 2001).
To evaluate these theories, the reaction experiment for 1234-TCN was repeated 
varying the following solvents and concentrations: (1) 10% Methanol/Water, (2) 50% 
Isopropyl Alcohol/Water, (3) 100% Isopropyl Alcohol, (4) 100% Isopropyl Alcohol + 
NaOH. All reactions were for 10 minutes. A separate set of control samples was used 
for each solvent combination. Ten milliliters of 5 mg/L 1234-TCN in hexane was reacted 
withO.lg of Mg/Pd (LR = 0.5 mg/g). For the reactions with added NaOH, O.lmL of 
600mg/L solution was added to the lOmL batch to make 6mg/L or 1.5xl0'4 mol/L overall 
NaOH concentration. This is based on a 2x excess relative to the amount of chloride in 
solution (7.5xl0‘5 mol/L for TCN). The sodium hydroxide used was semiconductor 
grade pellets (99.99% purity) from Aldrich Chemicals. It was necessary to add 5mL of 
DI water to the 100% IP A samples prior to extraction so the IPA and hexane solvent 
layers would separate.
Further experiments were conducted with 50% IPA / water solutions to search for 
reaction byproducts. In these tests with OCDD and OCN, the solution was filtered and 
the Mg/Pd was extracted separately using ultrasonication. This was done to check for
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any products that may remain adsorbed to the Mg/Pd surface at the end of the reaction. 
The conditions for these 50% IPA experiments were provided earlier in Table 3.2.
3.3 Sediment Experiments
3.3.1 Sediment Origins and Characteristics
Sediments were obtained from two of the most contaminated dioxin sediment 
sites in the United States: the Passaic River (Newark, New Jersey) and the Tittabawassee 
River (Midland, Michigan) and from a PCN hotspot: the Trenton Channel of the Detroit 
River (Detroit, Michigan). The Tittabawassee samples were floodplain soils as these are 
more contaminated than the sediments.
The Passaic sediments were sampled near 80 Lister Ave, Newark, NJ (N40° 
44.488’, W74° 08.114’) on March 17,2003. A PCDD/PCDF analysis of these sediments 
was conducted by an outside laboratory, Pace Analytical (Minneapolis, MN) in May, 
2003. The Tittabawassee soils were sampled at the end of December 2005 near Freeland 
Festival Park (N43° 31.618’, W84° 07.736’) and received at UNH on January 6,2006. 
The Trenton Channel sediments were sampled near the Firestone Steel site (N42°
10.804’, W83° 9.546) on July 25,2006 and received at UNH on July 26,2006. This site 
was downstream of two former chemical plants, one of which manufactured Halowax 
compounds. Selected sediment properties are given in Table 3.3.
All sediments have been stored in 4°C refrigerators at UNH. Sub samples of the 
sediments were well mixed and transferred to wide mouthed jars for easier use in the 
experiments. These sediments were measured for water content (% WC) and a loss on 
ignition test was conducted to determine organic content (% OC). Three samples per
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sediment source were measured out to a weighed dish and placed in a drying oven at 
105°C overnight. The dried samples were weighed and placed in a muffle furnace at 
550°C for five hours and then weighed a final time. The following calculations were 
used for percent water and percent organic content:
% WC = mass, wet sediment (g) - mass, dry sediment @ 105 °C (g) * 100
-----------  (Equation 3.3)
mass, wet sediment (g)
% OC = mass, muffled sediment @550°C (g) - mass, dry sediment @105°C (g) *100
mass, dry sediment @ 105 °C(g) -
(Equation 3.4)
Table 3.3: Summary of sediments
Passaic River Tittabawassee Trenton
Channel
Primary Contaminant Dioxins Dioxins / Furans PCNs






OCDD = 4.2' OCDD = l l 2 DiCNs = 82,000'




'Pace Analytical Data, Report No: 03-1072C>83,21 May 2003
2From spreadsheet provided by D. Kay, Entrix, via e-mail 15 December 2005
3From spreadsheet provided by A. Ostaszewski, Michigan Department of Environmental 
Quality, via e-mail 26 July 2006
These dioxin sediments are highly contaminated by comparison to health 
standards (ATSDR Public Health Action Level for dioxin in soils = 1,000 ng/kg). 
However the GC/MS instrument detection limit of 50ppb was insufficient to measure the 
contaminant’s presence in the sediments and was therefore inadequate to measure their 
removal by reaction with Mg/Pd.
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Consequently it was necessary to spike these sediments with dioxin to evaluate 
the reaction with Mg/Pd. While it would be preferable to work with unadulterated 
sediments at environmental levels, a preliminary determination as to the reactivity of 
dioxin in a sediment matrix can be made using spiked materials. Spiking tests were 
conducted with concentrations ranging from 100 -  5000 ppb and the percent recovery 
was determined.
It was noted in the Fuschsman and Barber (2000) review that sediment spiking is 
affected by multiple factors including aging time, carrier solvent, spiking method, 
sediment characteristics, and temperature. The selected spiking method was based on the 
approach followed by Yusa et al. (2006). The sediments were dried in an oven to remove 
water and then soaked in a 1:1 toluene:acetone mixture. The dioxin solution was spiked 
and well mixed with a stainless spatula. The solvent was allowed to evaporate for 12 
hours in a fume hood. The spiked sediments were rewetted to about 30-45% water 
content, then covered and aged at room temperature for a minimum of 48 hours after 
which they were transferred to a 4°C cold room. Aging the sediments should 
approximate field conditions as the contaminants sorb to the sediments over time 
although it is unlikely that equilibrium was achieved. This will give a less conservative 
result for the reaction as the contaminants may remain more available than in actual 
sediments.
The PCN content of the Trenton Channel sediments was quantifiable with the 
GC/MS. As a result, an evaluation of the reaction using existing, aged PCN sediments 
could be completed.
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Highly contaminated sediment extracts from the Hudson River (New York), 
Housatonic River (Massachusetts / Connecticut), and New Bedford Harbor 
(Massachusetts) were analyzed on the GC/MS to see if dioxins or PCNs could be 
detected. These sediment extracts were known to contain high concentrations of PCBs 
from the work by Irina Calante at UNH on the treatment of PCBs in these sediments 
using Mg/Pd (Calante, 2006). It was hypothesized that these sediments may also contain 
measurable dioxins or PCNs given that these areas were very industrialized and that 
PCNs are present as a low-level contaminant in PCBs.
3.3.2 Methods
Sediment reaction. Due to the heterogeneity of the sediments, a separate control was 
used for each reaction sample. For each reaction, a 20g sample was well mixed and then 
separated into a control and reacted sample. To start the reaction, lg of Mg/Pd as a water 
slurry was added to lOg of sediment (dry weight) in a 150mL beaker. The sediment was 
well mixed with a spatula, covered with aluminum foil, and placed on a shaker table for 
24 hours (See photograph in Figure 3.3). At the end of the reaction, the surrogate 
standard (decachlorobiphenyl @ 2 pg/mL) was added and the reaction was quenched by 
adding drying powder (1:1 magnesium sulfate: sodium sulfate). The beakers were stored 
in a refrigerator until they could be extracted.
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Figure 3.3: Reacting sediment beakers on shaker table



























PCNs 10 No 1 1
Extraction. The sediment samples were extracted by ultrasonication with a Misonix
Sonicator, Model #XL2020. The vibration of the sonication horn causes intense
cavitation of the sample extracting the compounds of interest into the solvent. The
method was based on EPA method 3550B, Ultrasonic Extraction. Three sequential
extractions to solvent were executed for each sample using hexane:acetone (1:1) for
PCNs and toluene: acetone (1:1) for dioxins. The sonicator cycled on and off with 1
second pulses for a total of 6 minutes (ie. sonicating time = 3 minutes). After each
extraction, the solvent was decanted off through a filter (Whatman 40 Ashless Circles,
150mm diameter, Cat.#1440 150) and collected in a concentrator tube. A small quantity
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of sodium sulfate was placed in the filter to capture any remaining water from the 
sediments.
Concentration. The extracted samples were concentrated to lmL with a Zymark 
Turbovap II (Part# 46368/0) using high purity nitrogen gas. The water bath was set to 
35°C for the hexane extracts and 45°C for the toluene extracts. The concentrated extract 
along with a double solvent rinse of the concentrator tube were transferred by Pasteur 
pipette to a 40mL vial prior to cleanup.
Sample cleanup. A cleanup step is required for sediment extracts as they contain many 
organic compounds which would obscure the analytical measurement of the target 
components. Initially, a sulfuric acid cleanup was tried based on EPA Method 3665A, 
Sulfuric Acid/Permanganate Cleanup, but this did not result in clean chromatograms for 
the dioxin contaminated sediments.. Finally, a silica gel cleanup based on EPA Method 
3630C, Silica Gel Cleanup, was applied with much better results.
Silica cartridges (Waters Sep-Pak VAC 20CC, Part# WAT036930) were activated 
by heating to 130°C overnight. The cartridges were washed with lOmL of solvent and 
then loaded with the concentrated sediment extracts. The loaded cartridge was eluted 
with 130 mL of solvent. The initial wash solvent was discarded and the remainder of the 
sample and elution solvent were collected in a concentrator tube. This extract was re­
concentrated to lmL using the Turbovap apparatus. The final concentrate was diluted to 
lOmL using a volumetric flask and stored until transfer to a GC vial and analysis.
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3.4 GC/MS Methods
All samples were analyzed using a Varian CP3800 Gas Chromatograph / Saturn 
2200 Mass Spectrometer (SN 44269904) with a CP8400 Autosampler. The 
chromatography column was a DB-5 type capillary column (Varian Factor Four VF- 
5ms), 30m long, 0.25mm ID, and 0.5pm thickness. This column is designed for sensitive 
and accurate measurement of both aromatic and halogenated compounds. This type of 
low polarity column uses a 5% phenyl / 95% dimethylpolysiloxane low bleed phase.
Figure 3.4: GC/MS instrument
The column oven temperature program for PCN analysis ramped from 40°C (hold 
2 min) to 200°C at a rate of 15°C/min (hold 5 min), ramped to 230°C @ 8°C/min (hold 5 
min), and then to 300°C @ 8°C/min, with a final hold of 5.8 minutes. For dioxin 
analysis, the temperature program ramped from 60°C (hold 3 min) to 235°C at a rate of 
25°C/min (hold 10 min), ramped to 275°C @ 10°C/min (hold 3 min), and then to 310°C 
@ 10°C/min, with a final hold of 9.5 minutes. The carrier gas was ultra high-purity 
Helium supplied by AirGas East (Dover, NH).
A detailed listing of the GC/MS parameters used in the final developed methods 
for dioxins and PCNs is provided in Table 3.5 and Table 3.6 respectively. This table
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includes reference parameters from literature using similar equipment for dioxin and 
PCN analyses. The reference methods achieved detection limits of 1.5 ppb of 2378- 
TCDD for dioxins and 4-20 ppt for PCNs. These final method parameters were obtained 
through a combination of trial and error, reference methods from literature, and the 
automated method development (AMD) functionality on the GC/MS.
The mass spectrometer used an ion-trap detector which was operated in both 
EIMS and MSMS modes. Generally, EIMS was used for identification of compounds 
using the library searching functionality and MSMS was used for quantification. Target 
compounds were identified based on comparison to purchased standards whenever 
possible. Otherwise, the NIST database library was used. Compounds were qualitatively 
identified based on retention time (window = ± 0.100 - 0.200 min), and a spectrum match 
of greater than 700. Each peak was reviewed for shape and a minimum signal-to-noise 
ratio of 20 prior to quantification. Quantification of selected compounds was based on 
generating a multi-point calibration curve using the purchased standards.
This approach is not possible for PCNs in sediments as not all of the 75 congeners 
are available as standards. Four of the Halowax standards covering the full range of 
chlorination (HW 1000,1014,1099,1051) were run on the GC and used as a basis of 
quantification using the relative congener concentrations published by Noma et al.
(2004). See Figure 3.5 for the Halowax chromatograms. The ratio of “Abundance in 
Counts /  mg of congener injected on the GC column” was determined based On these 
Halowax standards and then applied to the output of the Trenton Sediments to compute 
the concentrations. The response factors were based on the Halowax where that congener 
is most prevalent and had a good response on the GC (e.g. HW 1051 for OCN).
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3.5: GC/MS parameters for dioxin analytical measurement
Parameter Dioxin Method 
(Dioxin-MSMS V36)
Reference Method 
(Cunliffe and Williams, 
2006)
Compounds Measured Dioxins/Furans in 
solvents & sediments
Dioxins/Furans in flyash 
samples
GC Instrument CP3800 CP3800
Injector Model Varian 1177 Varian 1079
Detector Saturn 2200 ion trap Saturn 2200 ion trap
Injector oven (°C) 250 300
Transfer line (°C) 300 270
Manifold (°C) 80 120
Ion trap oven (°C) 200 200
Column 30m x 0.25mm ID Varian 
VF-5ms (DB-5 equiv)
30m x 0.25mm ID Varian 
VF-5ms (DB-5 equiv)
Helium Flow (mL/min) 1 1
Filament Current (pA) 40 50
MS/MS Parameters:
2378-TCDD -
Parent Ion (m/z) 322 322
Daughter Ion (m/z) 259 259
CID Amplitude (V) 1.0 1.0
OCDD
Parent Ion (m/z) 460 460
Daughter Ion (m/z) 395/397 397
CID Amplitude (V) 1.8 1.8
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Table 3.6: GC/MS parameters for PCN analytical measurement




Compounds Measured PCNs in solvents & sediments
PCNs, PBBs, PBDEs in 
sediments
GC Instrument CP3800 Thermoquest Trace GC 2000
Injector Varian 1177 n/a
Detector Saturn 2200 ion trap Finnigan ion trap mass spectrometer Polaris Q
Injector oven (°C) 250 n/a
Transfer line (°C) 300 300
Manifold (°C) 80 n/a
Ion trap oven (°C) 200 250
Column 30m x 0.25mm ID Varian VF-5ms (DB-5 equiv)
30m x 0.25mm ID 
SGE-BPX5 (DB-5 
equiv)
Helium Flow (mL/min) 1 1
Filament Current (pA) 50 n/a
MS/MS Parameters
1234-TCN
Parent Ion (m/z) 266 266
Daughter Ion (m/z) 196/231 194/196
CID Amplitude (V) 1.0 1.5
OCN
Parent Ion (m/z) 403 403
Daughter Ion (m/z) 332/367 334/369
CID Amplitude (V) 1.5 2
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Figure 3.5: Halowax chromatograms
Regular GC/MS maintenance included column conditioning and replacement of 
septa and helium gas tanks. Less frequent maintenance included column trimming or 
replacement, replacement of injector liners, syringes, filaments, and ion trap bake out and 
mass spectrometer tuning.
3.5 Quality Assurance / Quality Control
Internal standard calibration was employed to quantify the majority of the 
experiments correcting for variations in injection volume and detector response. External 
calibration was used for some of the earlier experiments and cases where the internal 
standard response was poor. A new GC/MS calibration curve was generated after any 
change in the instrument settings or after maintenance. The linear regression for all 
calibration curves had a minimum R2 value of greater than 0.99. Each calibration
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included a minimum of four levels encompassing the range of sample concentrations.
The lowest calibration level was defined as the reporting limit. Over the course of this 
project this limit was reduced from 1,000 to 50 ng/mL with improved GC/MS methods.
A surrogate standard (BZ209) was added to each sample to monitor the amount of 
compound lost during the extraction and cleanup steps. This percent recovery ranged 
from 50 to 116% for solvent to solvent extractions, from 67 to 120% for the 
ultrasonication extraction of Mg/Pd, and from 19 to 73% for the combined 
ultrasonication and silica gel cleanup of sediment samples. Recoveries greater than 
100% are possible as a result of variation in surrogate analytical response. This range of 
recoveries is wide compared to the 70 to 130% identified as typically acceptable in 
environmental applications by qualified laboratories (Grob and Barry, 2004). This error 
is attributed to losses during extraction and cleanup, GC/MS response, GC/MS 
maintenance, and analyst training.
Method blanks were included with each experiment to check for potential 
contamination from reagents, air, instruments, sample preparation, or glassware. These
f
samples were not detectable on the GC with the exception of one case in which the target 
analyte was qualitatively identified but at below the quantitation limit.
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CHAPTER 4
RESULTS & DISCUSSION
4.1 Pure Solvent Experiments
4.1.1 Reactivity of Mg/Pd with Dioxins and PCNs
Reactivity. In preliminary reactions contacting single congeners of PCN and dioxin with 
Mg/Pd in 10% methanol/water solutions, the peaks were significantly reduced for all 
three compounds tested after 30 minutes (See Figure 4.1 through Figure 4.3). The 
sample concentrations were not quantified but the percent reduction in the chromatogram 
peak area which is directly proportional to concentration was determined and is given in 
Table 4.1. It was originally expected that the reaction would result in naphthalene from 
the PCN compounds and dibenzo-p-dioxin (DD) from the PCDD compounds. However, 
neither these nor any other degradation byproducts were observed in these first 
experiments. This same phenomenon was noted in experiments conducted by UNH 
researchers working with PCBs and Mg/Pd (Hadnagy and Gardner, 2006, unpublished 
data). Other researchers experienced very low product yields with Mg/Pd reactions 
(Engelmann et.al., 2003; Morales et.al., 2002a; Morales et.al., 2002b). This was 
attributed to the vigorous reaction with this strong reductant that can lead to saturation of 
the double bonds or even cleavage of the carbon-carbon bonds. The resultant ring
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Figure 4.1: GC/MS chromatogram for the reaction of 1234-TCN (PCN#27) with Mg/Pd 
in a 10% methanol/water solution for 30 min. Overlapping curves for the control and 
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Figure 4.2: GC/MS chromatogram for the reaction of OCN with Mg/Pd in a 10% 
methanol/water solution for 30 min. Overlapping curves for the control and reacted 
samples are given showing the bulk reduction in area for the reacted sample.
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Unreacted OCDD
Reacted OCDD
Figure 4.3: GC/MS chromatogram for the reaction of OCDD with Mg/Pd in a 10% 
methanol/water solution for 30 min. Overlapping curves for the control and reacted 
samples are given showing the bulk reduction in area for the reacted sample.









1234-TCN 25.144 273,500 13,721 94.9
OCN 41.277 58,127 202 99.7
OCDD 45.047 4778 Peak Not Found n/a
Adsorption to Mg/Pd surface. The strongly hydrophobic chlorinated compounds are 
expected to adsorb to the surface of the Mg/Pd bimetal. In fact this is understood to be 
the first step in the surface mediated reaction (Xu et.al., 2005; Yuan and Marshall, 2002; 
Grittini et.al., 1995). Given the quick removal of the contaminant and lack of apparent 
byproducts, it was theorized that the starting contaminant or the reaction products were 
strongly adsorbing to the surface of the Mg/Pd.
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Experiments were conducted with both OCN and OCDD in which the reacted 
solution was filtered and the dissolved phase was extracted independently of the Mg/Pd 
which was subjected to the more rigorous ultrasonic extraction method. These results are
samples. The two graphs were plotted on the same scale for comparison purposes as the 
same quantity of contaminant (500 pg) was added in both sets of experiments. Less than 
50% of this amount was recovered from the OCDD control samples. Here we see that 
while the mass in the dissolved phase decreased with time, the mass adsorbed to the 
Mg/Pd increased. Still this does not account for the bulk of the compound mass which is 
not recovered after two hours (88% for OCN & 71% for OCDD). This continues to 
suggest a reaction taking place.
Figure 4.4: Relative mass of OCN found in the dissolved phase vs. adsorbed to Mg/Pd 
surface over a 120 min. reaction in 50% IP A/water solution. 88% mass removal of OCN 
was achieved. Significant quantities of contaminant were found adsorbed to the Mg/Pd 
surface.
illustrated in Figure 4.4 and Figure 4.5. The data shown is an average of two replicate
600
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Figure 4.5: Relative mass of OCDD found in the dissolved phase vs. adsorbed to Mg/Pd 
surface over a 120 min. reaction in 50% IP A/water solution. 71% mass removal of OCN 
was achieved. Significant quantities of contaminant were found adsorbed to the Mg/Pd 
surface.
Other possible scenarios to explain the contaminant removal are loss by 
volatilization, loss by sorption to glassware, or strong sorption to the Mg/Pd surface that 
is not extracted by sonication or solvent-solvent extraction. Volatilization is unlikely 
given the low vapor pressures for these highly chlorinated congeners although the rate 
could have been increased by the reaction's hydrogen generation. Neither the reaction 
with dioxins nor PCNs was noticeably exothermic so heat from the reaction is not likely 
to have increased volatilization. Strong sorption to the glassware may explain the 
relatively low recovery of the total starting quantity of OCDD, 206 pg measured vs. 500 
pgexpected. Still, this should have affected the control and reacted samples equally so 
the relative change would not be affected. Sorption to the Mg/Pd is expected, but it was 
anticipated that the sonication of Mg/Pd should be sufficiently powerful to extract dioxins
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and PCNs and this was confirmed by the surrogate standard (BZ209) recovery (67 - 
120%).
Grittini et al. (1995) observed the importance of the bimetal surface condition to 
the reaction taking place. In order to test the hypothesis that the reactivity of Mg/Pd 
would decrease over time as the surface of the metal was oxidized, an experiment "aged" 
the Mg/Pd in methanol/water for 24 hours before adding 1234-TCN to the solution 
(Figure 4.6). In this experiment no reaction was observed with the "aged" pre-mixed 
Mg/Pd in 30 minutes time. This suggests that adsorption to the Mg surface or to surface 
oxidation products is not responsible for the observed loss of PCN from solution.
8
Control Aged Fresh 
Mg/Pd Mg/Pd
Figure 4.6: Comparison of the reaction for 1234-TCN with "aged" pre-mixed Mg/Pd 
(aged for 24 hours) and with fresh Mg/Pd for 30 minutes in 10% methanol / water 
solution. No removal of PCN was observed for the reaction with aged Mg/Pd compared 
to 95% removal with the fresh material.
Solubility issues. There were multiple challenges working with the very insoluble dioxin 
and PCN contaminants. These included: (1) attaining the desired concentration in the 
starting mixture at time zero, (2) achieving contact between the contaminant and the
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metal powder, and (3) taking representative sub samples of the lOOmL batches. Because 
of the first issue, most of the results are reported as a percentage removal of the measured 
control concentration. This control value was often less than the intended starting 
concentration. It was assumed that this was the maximum concentration due to solubility 
limitations and that it matched the starting conditions in the reacted samples. Secondly, it 
was hypothesized that the spiked contaminant in hexane might not have good contact 
with the Mg/Pd which is more likely to stay in the MeOH/water phase. This contact is 
crucial for the reaction to take place. Tundo et al. (2001) reported using a phase-transfer 
agent to ensure contact between PCDD/Fs and the catalyst surface in their experiments.
A test was conducted with 10 pg/mL 1234-TCN neat standard made up in methanol to 
see if the reaction would progress further without any hexane present. The PCN in 
MeOH was reacted with Mg/Pd in a 100 mL batch of 10% methanol/water. The total 
percentage of solvent in the batch was the same in both cases, 14% of total. The average 
removal for 2 replicate samples of the “hexane-free” reaction was 70%. This is less than 
the 95% removal achieved with a lOmL batch of 1234-TCN when hexane was present. 
Therefore it would appear that the inclusion of small quantities of hexane was not a 
limitation to the reaction. There is no clear explanation for the slower reaction with 
methanol except that this may be a result of the third solubility challenge listed above. 
That is, the lOmL sub samples used for extraction at the end of the reaction for the 
lOOmL batch with methanol may not have been representative of the entire batch. These 
could have included greater than 10% of the sample’s total PCN content. It is also 
possible that the mixing was better in the 40mL vial than in the Erlenmeyer flask 
although both were placed on the shaker table for the duration of the experiment.
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4.1.2 Reaction Kinetics
The kinetics reactions for 1234-TCN, OCN, and OCDD in 10% MeOH / water 
solution resulted in 95%, 80%, and 69% removals respectively after 30 minutes (see 
Figure 4.7). Duplicates were included except for the control, 10, and 30 minute samples 
for 1234-TCN. Error bars identify the range in results for the duplicate samples. Again, 
no degradation byproducts were observed in these experiments. The loading rate for the 
OCDD (mg contaminant/g Mg/Pd) was less than that used for the PCN experiments, 0.5 
and 1 respectively. If all of the loading rates were one, we might expect the OCDD curve 
to be even higher given the lower ratio of Mg/Pd to contaminant.
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Figure 4.7: Kinetics for the reaction of OCDD, OCN, 1234-TCN with Mg/Pd in 10% 
MeOH/water solution (LR = loading rate (mg contaminant/g Mg/Pd)). The reaction 
proceeds further for the PCNs compared to the dioxin even with a higher loading rate.
The majority of removal occurs in the first minute followed by a leveling off of the curve.
A second graph showing the reaction of OCN and OCDD in 50% IPA solution 
over 120 minutes is given in Figure 4.8. The removal rates are comparable to those in
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10% MeOH solution. A slower reaction in 50% IPA was expected based on the findings 
of Grittini et al. (1995) and Korte et al. (2002) who noted that increased solvent 
concentrations reduced the rate of reaction. This effect may have been counterbalanced 
by differences between IPA and MeOH. Yang et al. (2006) found that IPA accelerated 
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Figure 4.8: Kinetics for the reaction of OCDD & OCN with Mg/Pd in 50% IP A/water 
solution (LR = loading rate (mg contaminant/g Mg/Pd)). The reaction proceeds further 
for the PCNs compared to the dioxin. Bulk removal occurs in the first minute followed 
by a leveling off of the curve. The removals are comparable to those in 10% 
MeOH/water solution shown in Figure 4.7.
These curves both seem to suggest a marginally preferred reaction for lesser 
chlorinated congeners over the more chlorinated congeners for PCNs and a preferred 
reaction of PCN »  PCDD. Past researchers suggested that more chlorinated congeners 
should react first although none of them address reactions with PCNs specifically (Yang 
et.al., 2006; Mitoma et.al., 2004; Lowry and Johnson, 2004; Wafo et.al., 1997). At least 
one other researcher found a faster reaction for lesser chlorinated compounds with Mg/Pd
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(Halle et.al., 2005). The preferred reaction for PCNs versus dioxins is in agreement with 
Adriaens et al. (1996) and Yang et al. (2006) who cited very slow reactions with dioxins 
resulting from the stability of the ether bond. In all of this data we see a very rapid 
reaction with the majority of the removals taking place in the first minute. The curve 
levels off or continues to decrease but at a much slower rate for the remainder of the 
reaction time. This is likely the result of the rapid oxidation of the zerovalent Mg 
reducing the rate of hydrogen generation or catalyst poisoning (Xu et.al., 2005; Lowry 
and Johnson, 2004; West et.al., 1996). Another possible explanation is a limited number 
of active sites on the metal catalyst that become blocked if the reaction products remain 
adsorbed to the surface (West et.al., 1996). There appears to be a slight increase in 
concentration when the reaction is carried out to 120 minutes. It is not known what could 
be causing this result.
It is also interesting to look at the data as the change in concentration instead of 
the percentage remaining as a function of the starting concentration (see Figure 4.9). 
These are different because the starting concentration in solution was not the same for all 
compounds given the solubility issues discussed earlier. Two items stand out when 
considering this graph. One is that the concentrations after the reaction is initiated are 
very closely grouped for all three compounds even though the starting concentrations are 
different. Second, all of these concentrations were reduced to below the reporting limit 
of 1 ppm. This may suggest that the reaction is not in fact more rapid for PCNs than 
dioxins as it appeared in the earlier figures based on percent contaminant remaining.
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Figure 4.9: Kinetics for the reaction of OCDD, OCN, 1234-TCN with Mg/Pd in 10% 
MeOH/water solution. Change in measured concentration is shown on the y-axis instead 
of % contaminant remaining. All three compounds were reduced to below the reporting 
limit after 1 minute reaction time.
Reactions were not conducted at varied Mg/Pd loading rates under the same 
solvent conditions so this effect cannot be analyzed. According to Marshall et al. (2002), 
we expect improved removals with increasing quantities of bimetal. The literature also 
suggests an improved reaction with increased relative Pd loading on the bimetal (Agarwal 
et.al., 2006; Engelmann et.al., 2003). The quantity used in these experiments (0.01% by 
weight) is low compared to most references for Mg/Pd or Fe/Pd reactions with PCBs. Xu 
et al. (2005) witnessed an increase from 35% to 90% removal by increasing the Pd 
amount from 0.002% to 0.02%. This would need to be balanced against the cost of Pd.
Typically, a plot of log(C/Co) versus time using at least three data points along the 
initial straight line decrease in concentration could be used to determine if the reaction is 
first order and to find the rate constant. This reaction was too rapid to determine the
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kinetics order. It was not physically possible to collect samples consistently at less than 
one minute reaction time. As discussed earlier in the literature review, there are differing 
opinions as to whether the dechlorination reaction of PCBs with Pd bimetal catalysts can 
be modeled as a pseudo-first order reaction (Kim et.al., 2004a; Gu et.al., 1997) or 
whether it is more complex (Morales et.al., 2002a; Wafo et.al., 1997).
4.1.3 Products of Reaction
As presented in the last two sections, the majority of the experiments showed 
rapid removal of the starting compound but no apparent reaction products. The retention 
times for the expected products naphthalene and DD, as well as the most toxic dioxin 
congener, 2378-TCDD, were determined using purchased standards. These compounds 
were not present as products when the GC/MS data files were scanned (Figure 4.10).
This confirmed that the reaction is not stalling out at the highly toxic 2378 congener as 
observed in some biodegradation reactions.
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Figure 4.10: GC/MS chromatogram demonstrating that 2378-TCDD and DD were not 
the final products in the reaction of OCDD with Mg/Pd. The top (A) shows the control 
sample with OCDD contaminant, and TCMX and BZ209 as the internal and surrogate 
standards. The bottom (B) shows 66 % removal of OCDD after 1 minute reaction and no 
apparent products.
Chloride measurements. Experiments attempting to close the chloride mass balance were 
cancelled. The interferences caused by the high-chloride content of the starting Mg/Pd 
material and the complexation of the chloride ions with the dissolved Mg made it 
impractical. All further work to confirm dechlorination focused on locating reaction 
byproducts and not on the chloride mass balance.
Solvent used. Experiments were executed for 1234-TCN in varying solvent solutions of 
10% MeOH/Water, 50% IP A/Water, 100% IP A, and 100% IPA with sodium hydroxide. 
A comparable removal of this PCN congener was achieved for all of these solvent 
combinations, with removals ranging from 71.6% to 87.7% in 10 minutes. The average 
removal was 81.8% with a standard deviation of 7.2%. The remaining quantity of TCN
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was close to or below the reporting limit (0.5 ppm) for all cases. Improved results were 
anticipated with the inclusion of sodium hydroxide to minimize catalyst deactivation by 
the HC1 that can be generated during the reaction. Ukisu et al. (2003) stated that the 
reaction between dioxin/furans and supported Pd catalysts did not result in the formation 
of DD in the absence of base. Improved removal rates were not observed with NaOH 
suggesting that either this phenomena is only applicable to Pd supported catalysts (e.g. 
Pd/C, Pd/A1203) (Ukisu and Miyadera, 2003; Urbano and Marinas, 2001) and not 
“Pd/zerovalent metal” catalysts or that perhaps the quantity of sodium hydroxide was not 
optimal.
Kennedy et al. (1982) had suggested that the reaction in IPA would result in 
naphthalene generation for the PCN reduction. A hand extraction of the entire reacted 
solution (both the dissolved phase and Mg/Pd) with hexane did not find naphthalene 
product for any of these solvent combinations. When the Mg/Pd material was filtered 
and extracted separately by sonication, naphthalene was identified for the reactions in 
50% IP A/water and 100% IPA (See Figure 4.11). The naphthalene generated was 
quantified as 1-2 nanomol which does not account for a mass balance with the 
approximately 100 nanomol reduction in 1234-TCN mass. However, the identification of 
an expected product confirms that the dechlorination reaction is taking place.
Naphthalene is not the final product as further hydrogenation of the aromatic ring 
continues to form tetralin and decalin. It is postulated that ultimately the benzene ring is 
cleaved with breakdown to low molecular weight organic compounds (Engelmann et.al., 
2003; Morales et.al., 2002a).
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Figure 4.11: Chromatograms showing the generation of naphthalene in the reaction of a 
PCN congener with Mg/Pd in 50% IP A/Water solution for 10 minutes. This is an 
enlargement of the early portion of the chromatogram excluding the 1234-TCN peak. 
The chromatogram for a naphthalene standard is shown in the bottom section for 
reference.
The experiment in 50% IPA was repeated for the more highly chlorinated 
congeners (OCN & OCDD) and with reaction times ranging from 1 to 120 minutes. This 
time, naphthalene and tetralin were identified in the PCN reaction and dibenzo-p-dioxin 
was identified in the PCDD reaction, all at very low quantities (See Table 4.2, Figure 
4.12, Figure 4.13). These compounds were not present in the control sample and were 
not found in the 120 minute sample suggesting that they were formed briefly and then 
continued to break down to smaller organic compounds. The mass balance was not 
closed with these compounds. The total mole percent recovery after two hours of 
reaction was 12% for OCN and 33% for OCDD. The transitory byproducts were only 
found in the ultrasonic extract of the Mg/Pd surface and not in the dissolved phase. This
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corroborates the findings of Grittini et al. (1995) that the reaction products remain 
adsorbed to the metal surface at the end of the reaction.
Table 4.2: Product mass yields in the reaction of Mg/Pd with OCN and OCDD in a 50% 
IP A/Water solution
Mass, pg
Compound 0 min. 1 min. 3 min. 10 min. 30 min. 120 min.
PCNs
OCN 544 88 45 38 29 64
Naphthalene nd nd 0.8 0.6 0.7 nd
Tetralin nd nd 9.5 1,7 5.8 nd
Dioxins
OCDD 246 62 63 61 64 81
Dibenzo-p-dioxin nd 0.3 nd nd 0.3 0.3
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Figure 4.12: Reaction of OCN in 50% IPA solution with the identification of 
dechlorination byproducts (naphthalene, tetralin). These transitory byproducts were 
found adsorbed to the Mg/Pd surface.
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Figure 4.13: Reaction of OCDD in 50% IPA solution with the identification of 
dechlorination byproducts (dibenzo-p-dioxin). This transitory byproduct was found 
adsorbed to the Mg/Pd surface.
4.2 Sediment Experiments
4.2.1 Characterization of Sediments
Three replicates of each of the studied sediments were measured for water and 
organic content. These results are summarized in Table 4.3. The reported water content 
values in this table were for the "as received" sediments and not for the spiked, re-wetted 
sediments. The Tittabawassee floodplain soils were sandier and contained less organic 
material than the other sediments.
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Average 8.1% 9.5% 5.0%
Std Deviation 1.7% 0.3% 0.1%
Maximum 9.8% 9.9% 5.0%
Minimum 6.5% 9.3% 4.9%
Water Content
Average 39.7% 50.3% 20.1%
Std Deviation 5.3% 1.1% 0.4%
Maximum 43.7% 51.5% 20.3%
Minimum 33.7% 49.5% 19.7%
4.2.2 Spiking Results for Dioxin Sediments
OCDD was added to the contaminated Tittabawassee soils and Passaic River 
sediments because the instrument detection limit was not low enough to measure the 
environmental dioxin levels. It is recognized that using spiked sediments gives a non­
conservative measure of the reaction rate since the dioxins may be more available to react 
with the Mg/Pd than in aged sediments. This availability would be the result of both the 
higher concentration and a less strong sorption to the sediment particles. The goal was to 
spike the sediments to the lowest possible concentration where 90% removal of the 
contaminant could still be quantified.
In the spiking evaluation, OCDD was added to the sediments at five levels 
ranging from 100 to 5,000 ppb (ng/g), aged a minimum of 48 hours, and extracted. These 
results are given in Table 4.4. Replicates were included for each sample. A wide range 
in recovery rates was noted, particularly for the Passaic sediments where the spiked
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dioxin was not always recovered even at the higher spike concentrations. This 
unexpected result was attributed to the sulfuric acid cleanup step which did not work 
well. It is probable that the dioxins were obscured by sample impurities especially in the 
higher organic content Passaic samples. The surrogate recovery ranged from 17 to 111% 
with an average of 50%. Given this variation it is postulated that the variability in dioxin 
recovery was representative of losses in the extraction, concentration, and cleanup steps 
rather than a function of the spiking methodology. A switch was made to the silica gel 
cleanup from the sulfuric acid method without repeating the sediment spiking evaluation. 
Ultimately, a spike concentration of 500 ppb OCDD was selected for the sediment 
experiments since a removal of 90% would be at the reporting limit of 50 ppb. This is 
less than 5% of the OCDD spike concentration used by Kluyev et. al. (2002) in their 
demonstration of a dioxin dechlorination reaction.
Table 4.4: Sediment spiking results, % recovery of spiked OCDD
Concentration
Passaic Tittabawassee
Rep 1 Rep 2 Average Rep 1 Rep 2 Average
100 ppb 9.4% 100.0% 54.7% 125.6% 54.7% 90.1%
200 ppb 116.2% 45.3% 80.7% 58.1% 55.5% 56.8%
500 ppb 52.8% nd n/a 53.7% 54.2% 53.9%
1,000 ppb nd nd n/a 59.4% 58.9% 59.1%
5,000 ppb nd nd n/a 14.1% 74.3% 44.2%
Note: Average surrogate recovery was 50% with a range of: 17 - 111% 
“nd” denotes “not detected”
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4.2.3 Sediment Reaction: Dioxins
The spiked sediments had aged for 9 days prior to the reaction with Mg/Pd. The 
sediments in the reacting beakers foamed and expanded immediately upon adding the 
bimetal catalyst. This phenomenon was more dramatic for the Passaic sediments than for 
the Tittabawassee with froth rising to the very top of the beaker (see photograph in Figure 
4.14). This is a result of the hydrogen generation during the reaction and is most active at 
the start of the reaction. Hydrogen gas formation as a result of the zerovalent metal 
corrosion is critical for the dechlorination reaction according to West et al. (1996).
Figure 4.14: Top view photograph of a beaker at the initiation of a Passaic sediment 
reaction with Mg/Pd. Bubbles formed immediately upon addition of the bimetal as a 
result of hydrogen generation from the corrosion of magnesium.
The quantified dioxin removals are provided in Table 4.5. The experiment 
included three replicates for the Passaic sediments and two replicates for the 
Tittabawassee sediments. The average value is given with a range of a single standard 
deviation. The average surrogate recovery was 35% with an overall range of 19 to 44%. 
This was consistent with the recovery of the spiked OCDD in the control samples (26 -  
36%). It is suspected that most of this loss was during the silica gel cleanup step.
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Table 4.5: Dioxin removal in sediments
OCDD OCDD
Concentration in Concentration after
Control (ng/g dry 24 hr reaction (ng/g % Removal
Sediment sediment) dry sediment) of OCDD
Passaic 175 ± 4 91 ± 39 48%
Tittabawassee 141 ± 13 -HO 71%
Notes: Concentration in bold is below the reporting limit.
n=3 for Passaic experiments, n=2 for Tittabawassee experiments.
Figures 4.15 and 4.16 show the change in concentration and %  removal as a 
function of starting concentration respectively including error bars denoting the range of 
measurements. The reacted Tittabawassee samples were below the reporting limit for 
both replicates with an average overall reduction in dioxin content of 71%. The removal 
for the Passaic sediments ranged from 26 -  70%. This higher variability may be related 















Tittabawassee Control Tittabawassee w/Mg/Pd Passaic Control Passaic w/Mg/Rd
Figure 4.15: Change in concentration for the dioxin reaction in contaminated sediments. 
The dioxin content in Tittabawasee soils was reduced to below the reporting limit. Much 
wider variability was observed in the results for the Passaic sediments.
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Figure 4.16: Average percent removals for the dioxin reaction in contaminated sediments 
were 71% for the Tittabawassee and 48% for the Passaic. Much wider variability was 
observed in the results for the Passaic sediments.
A reaction was observed in sediments with substantial dioxin mass removals. 
However, the remaining concentration after 24 hours was quantifiable and still well 
above the safe sediment values. This could be a function of the amount of mixing, the 
reaction duration, the availability of the contaminant to react with the Mg/Pd if it is 
strongly adsorbed to the sediment surface, or the passivation of the Mg/Pd surface over 
time. It has been reported that the hydrogen gas formation during the oxidation of the 
zerovalent metal is critical for the dechlorination reaction to proceed (West et.al., 1996). 
From the observed decrease in hydrogen bubble generation as the reaction time elapsed, 
this would appear to be one of the primary reasons for the reaction not progressing to 
completion. It is expected that the reaction may be slower or less complete in actual 
sediments without OCDD added. This should be tested in the future on analytical 
equipment with a lower detection level.
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4.2.4 Sediment Reaction: PCNs
The Trenton Channel sediments are severely contaminated with PCNs eliminating 
any need to spike with higher concentrations. The control samples were quantified 
against Halowax standards as described in the Materials & Methods chapter. The 
measured PCN content is given in Table 4.6 and compared against published values for 
this area of the Trenton Channel (Marvin et.al., 2002; Furlong et.al., 1988) and sample 
data provided by A. Ostaszewski of the Michigan DEQ via e-mail. The calculated 4,000 
to 5,000 ng/g total PCN in our samples is on the same order of magnitude as the Marvin 
results but 1 to 2 orders of magnitude less than reported by Furlong and the Michigan 
DEQ. Marvin et al. (2002) also notes total PCN concentrations ranging from 580 to 3300 
ng/g on the Michigan shore alongside the channel which also matches with the UNH 
measurements.
Variation in the Table 4.6 results could be attributed to the exact sampling 
location or changes in PCN content over time as a result of fate and transport processes. 
Also, the method used for quantification is subject to variability caused by differences in 
the reference Halowax standard composition. Additional variables include interferences 
resulting from the co-elution of background contaminants and the use of differing 
extraction and cleanup methods. A combination of these factors may have resulted in 
error determining the accurate sediment concentration. However we can still have 
confidence in the relative change represented when comparing the control samples to the 
reacted samples in this work given that the applied methodology was consistent 
throughout.
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Table 4.6: Comparison of measured PCN content in Trenton Channel sediments to published and Michigan DEQ data
UNH Samples 


















30UP CORA CORB CORC CORD
CORD
DUP
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
MonoCN 83 206 n/a n/a n/a 22,000 55,000 19,000 2,600 47,000
DiCN 708 1,384 n/a 10 n d 36,000 82,000 47,000 8,600 62,000
TriCN 905 249 39 7,800 130 14,000 28,000 19,000 4,300 24,000
TetraCN 1,296 1,193 800 21,000 230 7,200 13,000 13,000 3,800 6,000
PentaCN 1,075 870 1,910 15,000 390 7,200 6,800 9,700 4,200 7,200
HexaCN nd nd 2,200 11,000 440 2,600 5,300 10,000 <300 5,700
HeptaCN 454 nd 2,400 5,700 370 720 820 12,000 140 J 760
OctaCN nd nd 1 420 52 <650 270 J 230 J <300 <720
Total PCN 4,521 3,902 7,350 61,000 1,600 89,700 190,900 129,700 23,500 152,700
Notes:
1. Surrogate recoveries were 73% for TREN-C2 and 61% for TREN-C3. Did not correct measurements for recovery.
2. Used calculated response factor for each congener based on Halowax standards.
-t*.
The reaction of the Trenton Channel sediments with Mg/Pd bimetal catalyst was 
executed with three replicates (TREN-1, TREN-2, and TREN-3) with “C” and “R” 
denoting the control and reacted samples. The results from reaction TREN-1 showed an 
increase in overall PCN concentration. A possible explanation is analytical interferences 
caused by other organic compounds in the sample. This sample set was determined to be 
an outlier as a result. Therefore only the results of reactions TREN-2 and TREN-3 are 
reported. The TREN-R3 sample was injected on the GC/MS twice for QC purposes and 
this second result is denoted in the graphs as “Reacted w/ Mg/Pd (Dup)”. The 
summarized quantified results, grouped by degree of chlorination (monoCN, diCN, etc.), 
are provided in Table 4.7. The average surrogate recovery was 47% with a range of 32- 
73%. This was consistent, even slightly improved, when compared with the previous 
extractions of spiked dioxin sediments. Values which are in bold were below the 
reporting limit of 50 jxg/mL in the sediment extract. The percent removal of 50-70% 
total PCNs after twenty-four hours of reaction time was consistent with the measured 
dioxin removals in the spiked sediments. Figure 4.17 through Figure 4.20 illustrate the 
change in concentration over the course of the reaction both by congener and grouped by 
degree of chlorination for reactions TREN-2 and TREN-3.
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Naphthalene 85 50 41.0% 73 18 19 75.6% 73.5%
MonoCN 83 28 66.7% 206 10 9 95.4% 95.6%
DiCN 708 nd 100.0% 1,384 166 202 88.0% 85.4%
TriCN 905 935 -3.4% 249 303 310 -21.7% -24.4%
TetraCN 1,296 548 57.8% 1,193 205 243 82.8% 79.7%
PentaCN 1,075 594 44.8% 870 187 269 78.5% 69.0%
HexaCN nd 178 Increased nd nd nd n/a n/a
HeptaCN 454 nd 100,0% nd nd nd n/a n/a
OctaCN nd nd n/a nd nd 173 n/a Increased
Total PCN 4,521 2,283 49.5% 3,902 870 1,206 77.7% 69.1%
Notes:
1. Average surrogate recovery was 47% and ranged from 32 - 73%. Did not correct for recovery.
2. Used calculated response factor for each congener based on Halowax standards
3. Values in bold are at or below detection limit (50ppb for PCNs).
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Figure 4.17: PCN concentration for each congener for the TREN-2 sample in Trenton 
Channel sediments before and after reaction with Mg/Pd. A change in the congener 
distribution pattern is noted resulting in a reduction in some of the more highly 
chlorinated compounds and an increase in some of the lesser chlorinated congeners.
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Figure 4.18: PCN concentration grouped by degree of chlorination for TREN-2 sample 
in Trenton Channel sediments before and after reaction with Mg/Pd.
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Figure 4.19: PCN concentration for each congener for the TREN-3 sample in Trenton 
Channel sediments before and after reaction with Mg/Pd. A change in the congener 
distribution pattern is noted resulting in a reduction in some of the more highly 
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Figure 4.20: PCN concentration grouped by degree of chlorination for TREN-3 sample 
in Trenton Channel sediments before and after reaction with Mg/Pd.
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The change in sediment composition can be visually represented by the charts in 
Figure 4.21 showing the change in relative concentration of each degree of chlorination 
before and after the reaction. A stepwise removal of the higher chlorinated congeners 
takes place with the disappearance of HeptaCNs and appearance of HexaCNs as well as 
an increase in TriCNs. Others have noted that the more chlorinated congeners will 
dechlorinate first because of their lower stability (Yang et.al., 2006; Mitoma et.al., 2004; 
Lowry and Johnson, 2004; Wafo et al., 1997). The concentrations of DiCNs, MonoCNs, 
and Naphthalene all decrease concurrently with the decrease in higher chlorinated 
congeners. This agrees with Kim et al.’s (2004a) observation of a simultaneous stepwise 
and partially concerted dechlorination reaction in the reaction of PCBs with zerovalent 
metal catalysts. Similarly to the observed solvent reaction for Mg/Pd and PCNs, the 
reaction proceeds beyond the formation of naphthalene from PCNs and destroys 
naphthalene also. Overall, these results show that there is a reaction taking place between 
PCNs and Mg/Pd with reductions in contaminant mass.
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Figure 4,21: Change in relative congener distribution after reaction with Mg/Pd for the 
Trenton Channel sediments (based on averaged results from TREN-2 & TREN-3)
4.2.5 Sediment Reaction: Other Sources
It was hypothesized that highly contaminated samples from the Hudson River, 
Housatonic River, and New Bedford Harbor might have quantifiable dioxins and PCNs. 
These extracts were analyzed using the GC/MS methods but PCBs were the only 
identifiable contaminants with the equipment and methods used. As a result these 
sediments were not tested any further.
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5.1 Summary of Results
The research objective was to investigate the reaction between Mg/Pd and two 
classes of persistent chlorinated organic contaminants (dioxins/furans and PCNs) with the 
goal of future implementation as a treatment for contaminated sediments. This work 
focused on demonstrating reactivity with Mg/Pd, identification of reaction products, and 
proof of reaction in sediments.
The initial work was conducted in solvent solutions to reduce interferences from 
co-contaminants usually present in complex sediments samples and because of the 
challenges working with trace concentrations in environmental samples. Single 
congeners of dioxins and PCNs were reacted with the bimetal catalyst and rapid removal 
was witnessed after 30 minutes in 10% methanol/water solution (95% for 1234-TCN,
80% for OCN, and 69% for OCDD). The bulk of this reduction occurred in the first 
minute of reaction. The concentrations of all three congeners were decreased to below 
the reporting limit. It was confirmed that adsorption to the bimetal surface is not 
responsible for this removal by filtering the solution and vigorously extracting the Mg/Pd 
with sonication. Thus it was concluded that a reaction takes place with Mg/Pd leading to 
a reduction in total contaminant concentration.
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This reaction did not generate the initially expected end products (naphthalene for 
PCNs, dibenzo-p-dioxin for PCDDs). Instead it proceeded further with the reduction of 
the aromatic ring followed by suspected ring disintegration to low molecular weight 
species. By changing the solvent from methanol to IPA transitory breakdown products 
were identified adsorbed to the Mg/Pd surface. The detection of naphthalene/tetralin for 
the PCN reaction and dibenzo-p-dioxin for the dioxin reaction confirmed the occurrence 
of dechlorination. These compounds were not recovered in sufficient quantities to close 
the mass balance again suggesting that the reaction continued further with the formation 
of smaller compounds which were either volatile or were not detected by the GC/MS.
The search for products did not reveal an increased concentration for the most toxic 
congeners (e.g. 2378-TCDD) as can be the case for some partial dechlorination reactions. 
Instead this reaction resulted in an overall decrease in toxicity.
Sediments from three severely contaminated US Rivers were used to examine this 
reaction. The environmental dioxin levels in the materials from the Passaic and 
Tittabawassee rivers were too low for detection with the available instrumentation and 
consequently were spiked at 500 ng OCDD per g dry sediment. The 24-hour reaction 
with Mg/Pd resulted in 48% OCDD reduction for the Passaic and 71% OCDD reduction 
for the Tittabawassee. The PCN contamination in the Trenton Channel (4,000 -  5,000 
ng/g total PCN) was sufficient to prove the reaction in actual, un-spiked sediments. 
Removals of 50 to 70% total PCNs were achieved after 24 hours. The PCN reduction 
was both stepwise and simultaneous for the more highly and lesser chlorinated 
congeners. The observed contaminant reductions for PCNs and dioxins in both spiked 
and un-spiked sediments were comparable to the quantitative PCB removals from
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sediments reported by others (Fang and Al-Abed, 2006; Calante, 2006). The residual 
contaminant levels were quantifiable and above safe sediment values. The reaction was 
likely limited by mixing, contaminant availability, and the rapid oxidation of the Mg/Pd 
bimetal. It is expected that the reaction could be optimized in the same manner as 
investigated for PCBs at UNH (Calante, 2006),
In summary, the reaction between Mg/Pd with both dioxins and PCNs took place 
with rapid destruction of the contaminant. It is hypothesized that the final products are 
small, less toxic molecules which may be volatile. This reaction was demonstrated in 
actual and spiked sediments.
5.2 Suggested Future Work
• Evaluate the reaction with higher percentages of Pd in the Mg/Pd bimetal catalyst. 
The expected optimized removal would need to be balanced against the increased 
catalyst cost.
• Examine the dioxin reaction in un-spiked sediments. The services of a high quality 
dioxin laboratory with trained analysts and high resolution equipment would be
" required given the trace levels of dioxin in environmental samples and the extreme 
sensitivity of this analysis.
• Demonstrate an overall reduction in sediment toxicity using immunoassay methods 
(e.g. ELISA, CALUX). These rapid methods could validate the reaction’s impact on 
toxicity without full congener analysis. Alternatively, bioavailability studies could 
evaluate the change in toxic exposure to the benthic community.
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• Develop the application technology for in-situ treatment of contaminated sediments:
> Technology capable of thorough mixing of the metal catalyst without re­
suspension of the contaminated sediment into the water column.
> Mg/Pd supply equipment with appropriate safety considerations given the 
violent reaction with hydrogen generation.
> Possible encapsulation of the Mg/Pd material to provide a time-lapse so 
that water contact is delayed until the material is well mixed into the 
contaminated sediments.
• Alternatively, it may be advantageous to evaluate this reaction for ex-situ treatment 
applications wherein the reaction conditions could be more readily controlled and 
optimized.
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APPENDIX
A l. PCNNUMBERING CONVENTIONS
Chlorine substitution references the numbered positions on the naphthalene molecule. 
Numbering is according to Wiedmann & Ballschmiter (1993).
Table A.I. PCN numbering convention
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